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Craig Johnson, AAØZZ, uses a Silicon Labs 
Si570 DSPLL programmable phase-locked loop 
synthesizer IC and custom software to build a local 
oscillator that produces a stable 10 to 157 MHz 
output signal. The oscillator can provide the local 
oscillator signals for quadrature sampling detector 
receivers and quadrature sampling encoder trans-
mitters on the 80 through 10 meter amateur bands.
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Web Update

In the last issue I wrote about older missing files on our QEX files website. Since then I have 
spent some time recreating the tables with file links, descriptions, author’s names and call signs. 

As I write this, I have added the files back through 2003 to our new website at www.arrl.org/
qexfiles. I will continue restoring older files, as time permits. It won’t happen immediately, but I will 
recreate as much of that broken web as I can. Like the spider whose web I keep knocking down 
at my back door, I’ve had some frustrations in building the new web. Just when things seemed to 
be going smoothly, I discovered that the newest update to Mozilla Firefox (the only web browser 
that the ARRL website’s content management system will work with) no longer works with that 
system. Luckily, so far, only my computer at home updated to the new version. As long as I can 
prevent my office computer from updating, I should still be able to keep working on it. 

If you are looking for an older file, please check the ARRL website to see if it has been 
restored. If you try to download a file and find that it is not the file you expected, or if you find 
other problems, please let me know. Since I haven’t found an automated way to do this, I will be 
copying files and text, and creating hyperlinks as those files are put into the new web structure. 
Our new web may continue to have some holes in it, or some oddly spaced threads, but hope-
fully it will fulfill our needs.

Do You Have Some Technical Expertise to Share?

As I write this editorial, ARRL Field Day will be in a few weeks. By the time you receive this 
issue of QEX, it will likely be over. Do you operate Field Day? It has become one of my favorite 
operating events. Joining in with a local club adds variety and flavor to the experience, with a 
wide range of operator expertise and lots of good food and good friends to share it with. 

What technical problems do you typically run into? How do you solve them? Do you have a 
piece of equipment that you use to make your Field Day more enjoyable and successful? 
Perhaps there is a good article there, to share with your fellow QEX readers. We are always 
looking for good technical articles for QEX, and would love to hear from you.

Preparing the Upcoming Conferences section of this issue reminded me that the coming 
months will have plenty of opportunities to share your knowledge at one of the technical confer-
ences, and to learn from others who are attending. These are great opportunities to greet old 
friends and meet new ones. There are major technical conferences all across the country this 
year, from the Central States VHF Conference in Texas to the Eastern VHF/UHF Conference 
(and Microwave Update) in Connecticut, from the ARRL/TAPR Digital Communications 
Conference in Baltimore to the AMSAT Space Symposium in California. Of course there are 
also dozens of local hamfests and conventions around the country, and many of those have 
excellent technical presentations as well (or they could if you volunteered to present a program).

I’ll be making plans to attend the ARRL/TAPR DCC again this year (Sep 16-18), and I hope 
to meet many readers (and perhaps recruit some new ones) in Baltimore at that time. 
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Craig Johnson, AAØZZ

4745 Kent St, Shoreview, MN 55126; aa0zz@arrl.net

Programmable PLL (Si570) Local 
Oscillator for HF Receivers, 
Transmitters and Tranceivers  

1Notes appear on page 16.

The Silicon Labs Si570 is a versatile programmable phase locked loop IC with many 
possible Amateur Radio applications. This PLL synthesizer is one good example.

A new product has recently been devel-
oped by Silicon Labs, the Si570 DSPLL® 
programmable frequency synthesizer, and it 
has great potential for use in many Amateur 
Radio applications. Here we will explore 
some possible uses. Phase locked loop tech-
nology has been in use for many years, but 
the ability to use variable software-supplied 
loop parameters in PLL technology to 
directly generate square waves with fre-
quency resolutions of 1 Hz or better is now 
possible. The Si570 immediately puts the 
new technology into the sphere of uses that 
has recently been dominated by direct digital 
synthesis (DDS) products.

This AAØZZ Si570 daughtercard uses 
the Silicon Labs Si570 (CMOS version) 
and, when controlled by a microcontroller, 
can generate RF signals in the continuous 
range of 10 to 157 MHz. (Other versions of 
the Si570 can go up to 1.4 GHz.) When the 
daughtercard is incorporated into a control 
board, the Si570 daughtercard can easily be 
used as the local oscillator of an Amateur 
Radio transceiver. Since many amateurs use 
divide-by-four mechanisms in quadrature 
sampling detectors (QSD) — also known as 
“Tayloe” mixers — for their receivers and 
also in quadrature sampling exciters (QSE) 
for their transmitters, this Si570 daughter-
card can provide the local oscillator signal 
for these receivers and transmitters on the 80 
through 10 meter amateur bands.1

Si570 Operation
Figure 1 shows a block diagram of the 

Si570. The Si570 offers some significant 
advantages over the DDS parts that have 
been used by amateurs in applications in 
recent years. Two advantages are greatly 
reduced power consumption and the rela-
tively clean output without DDS byproducts 
(spurs). The Si570 uses a combination of 
DSP processing and a PLL topology with 
frequency selection parameters set by the 
user via an I2C serial communications link to 

generate the desired output frequency.
Silicon Labs offers several versions of 

the Si570 with different output options and 
frequency limits. I used a CMOS version of 
the Si570 for this project. It has a 10.0 MHz 
default frequency and a 160 MHz maximum 
frequency. The internal crystal of the Si570 
runs at a nominal 114.285 MHz. The crystal 
in any individual part will not oscillate at 
exactly this frequency, however. Since the 
crystal frequency is used in the frequency 
generation calculations for the Si570 input 
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parameter words, any deviation from nomi-
nal means that the Si570 generated frequency 
will not be accurate. Fortunately, Silicon 
Labs calibrates each individual part in the 
factory and saves the calibrated parameters 
in its nonvolatile memory to cause it to start 
up at the default frequency (in this case, 
10.0 MHz). The software can retrieve these 
parameters from the nonvolatile memory 
and thus calculate the calibrated crystal fre-
quency. This calibrated crystal frequency 
can then be used in subsequent calculations 
and the results will be much more accurate 
than they would be if the nominal crystal fre-
quency was used for the calculations.

Si570 Functional Description
The spec sheet of the Si570 is a real chal-

lenge to interpret. The description given here 
will not substitute for a thorough reading 
of the spec sheet but it will get you started. 
( ou can find the full details on the Silicon 
Labs website at www.silabs.com/Support 
Documents/TechnicalDocs/si570.pdf.)

Command data bytes are sent from the 
controller to the Si570 registers by way of 
the standard I2C serial communications pro-
tocol. (The I2C communications protocol is 
described later in the article.) The basic con-
trol registers are shown in Table 1.

Si570 Output Frequency Generation
The Si570 has a digitally-controlled oscil-

lator (DCO), driven by a fixed-frequency 
crystal and PLL loop-control parameters. 
There are three frequency selection param-
eters that the software must set up for the 
Si570 to generate the desired output fre-
quency. The basic frequency generation 
formula is

Fout  (Fxtal  RFREQ)  (HS DI   1) 
where  

F x t a l  i s  t h e  f i x e d  c r y s t a l  f r e -
quency  (114 .285  MHz  nomina l ) 
RFREQ is a 8 bit variable consisting 
of a 10 bit integer and a 28 bit fraction.  
HS DI  can be 4, 5, 6, 7,  or 11. 

1 can be 1 or any even integer between (and 
including) 2 and 128.

Additional parameter selection con-
straints are as follows. First, the DCO fre-
quency specified in the numerator of this 
equation (Fxtal  RFREQ) must always 
be in the range of 4.85 GHz to 5.67 GHz. 
Since the Fxtal value is 114.285 MHz, the 
RFREQ range is 42.44 to 4 .61 . This DCO 

range can be stretched to some extent, as 
evidenced by the default setup parameters 
set up in a sample Si570 with factory settings 
for 10 MHz (see the SetupFxtal routine later 
in the article).

The second constraint is to optimize for 
minimal power consumption. Many different 
combinations of RFREQ, 1 and HS DI  
that will produce a given output frequency 
are possible to use. The lowest value of 1, 
along with the highest value of HS DI  
results in the lowest power consumption.

Si570 Freeze DCO
When specifying the parameters for 

a e 
Si570 Contro  egisters

Register Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0

Si Reg 7 HS_DIV_Index [2:0]                                                      (N1 – 1) [6:2]

Si Reg 8 (N1 – 1) [1:0]                                                                 RFREQ (integer) [37:32]

Si Reg 9 RFREQ (integer) [31:28]                                         RFREQ (fractional) [27:24]

Si Reg 10                                          RFREQ (fractional) [23:16]

Si Reg 11                                          RFREQ (fractional) [15:8]

Si Reg 12                                          RFREQ (fractional) [7:0]

Si Reg 135 RST_REG New Freq     Freeze M                                                   RECALL

Si Reg 137                 Freeze DCO

ig re   ere is a si p e o  iagra  i strating the operation o  the Si i on a s Si570 
progra a e  C
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changing the output frequency of the Si570, 
the current frequency must also be consid-
ered. Large frequency changes require the 
DCO to be stopped and restarted before it 
can jump to the new frequency while small 
changes do not. Freezing the DCO is done 
by setting the “Freeze DCO” bit (bit 4 in 
SiReg 1 7) before sending the normal fre-
quency update registers (Registers 7 - 12) 
to the Si570. After the frequency update the 
“Freeze DCO” bit is cleared to unlock the 
DCO.

If the difference between the new fre-
quency and the last freeze frequency is 
more than 500 parts per million (0. 5 ) 
of the last freeze frequency, a DCO freeze is 
needed. Figure 2 shows the frequency range 
of the DCO oscillator (specified by Fxtal  
RFREQ) and the frequency range that can 
be covered without a freeze. If the output 
change is less than 0. 5  from the last 
freeze frequency, the DCO frequency is the 
only value that needs to be changed for the 
frequency update.

Why not just do a freeze unfreeze on 
every frequency update and skip the calcula-
tion to determine whether or not it is neces-
sary  ecause it can take a relatively long 
time (up to 10 ms) for the RF to “settle” 
on the new frequency and the RF output is 
stopped during this period. See Figure .

In this example, trace 1 is high during the 
freeze-update-unfreeze sequence ( 80 s) 
and trace 4 shows the RF dropout (220 s). 
The RF dropout that occurs when the Si570 
is stopped and restarted at the new frequency 
after a DCO freeze causes an audible pop in 
a receiver. See Figure  for an oscilloscope 
screen shot of the audio pop. Channel 1 is 
high during the DCO freeze and Channel 2 is 
the audio. Small frequency changes without 
a DCO freeze do not cause the pop sound.

Freeze M
It takes a measureable amount of time 

ig re   his 
ra ing i strates the 
re en  range that 

oes not re ire a 
CO ree e operation 

e ore hanging 
re en  A arger 
hange i  re ire a 
CO ree e operation 

rst

ig re   art 
A sho s an 

os i os ope isp a  
o  the  ropo t 

o o ing a CO 
ree e  art  sho s 

an os i os ope 
isp a  o  the a io 
pop  that o o s a 

CO ree e

ig re   ere 
is an os i os ope 

isp a  o  the 
Si570  o tp t at 

0 5 

ig re 5  A asi  test ir it to eas re 
the Si570 o tp t i pe an e
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to send the six frequency configuration 
(RFREQ and loop parameter) bytes to the 
Si570 registers via the I2C communications 
link. (It takes 120 s if sent at the maximum 
I2C communications link speed of 400 kHz 
and 667 s in the PEgen570 application 
with an I2C rate of 72 kHz.) As the six bytes 
are being sent, one bit at a time, the Si570 
is using the registers to spray RF signals at 
undesired frequencies. Granted, the time is 
short and the RF signal is often not being 
transmitted while the frequency is being 
changed so this random RF would not be 
going far, but it could be a significant prob-
lem for FS  (where the transmitter stays on 
as it shifts between the MAR  and SPACE 
frequencies) or for other digital modes.

The FREEZE M feature solves this 
problem. The FREEZE M bit ( it 5 in con-
figuration byte 1 5) is designed to be set 
just before the frequency update is done and 
cleared after all six bytes are transferred. 

ote that this is different from the FREEZE 
DCO functionality, which is required when 
the frequency changes by more than 0. 5  
from the last freeze. The FREEZE DCO 
function will continue to be used  however, 
this is for the small frequency updates in 
which a FREEZE DCO is not needed. This 
new FREEZE M functionality causes the 
frequency update in the Si570 to be frozen 
until the FREEZE M bit is cleared. y then, 
all of the new frequency bytes are ready to 
be used and the Si570 jumps directly to that 
frequency.

 F    
e e

The Si570 RF output is close to a square 
wave. An example of a CMOS Si570 run-
ning at 14.025 MHz into a 50  load is 
shown in Figure 4. Here the output RF signal 
level is about 1.7  p-p.

Calculations were done to determine the 
output impedance of the Si570. The basic test 
circuit is shown in Figure 5. 

First the output voltage, , is measured 
with no load resistor. This is the same as 
the source voltage, since there is no current 
through Z at this time. Then a shunt resis-
tor with known resistance is placed across 

the output and the voltage, L, is measured. 
sing the following equations, the output 

impedance is calculated.
I    (Z  RL)

L  RL  I 
L  RL   (Z  RL)

Z  RL  ((   L)  L)
An 18  load resistor in the test circuit 

produced the following results
  .8 
L  .4 

Z  18  ((2  1.2)  1.2)  12 
This means that a 8  series resistor 

could be used to match the Si570 RF output 
to a 50  load.

 
The control interface to the Si570 is an 

I2C-compatible 2-wire bus for bidirectional 
communication. The I2C address for an 
Si570 is always 55 (hex). Since the slave 
address for I2C is a 7 bit field, the most sig-
nificant bit is truncated and the direction bit 
(0 for a Write operation) is placed in the least 
significant bit of this byte. For a Write com-

a e 
he C it or er

Start Slave Adr + Dir Ack Data Ack Data Ack Stop
 1010101 0  xxxxxxxx  xxxxxxxx

ig re   he C  ata trans er ti ing iagra

mand to the Si570, the bit order is as shown 
in Table 2. The operation and timing of the 
two I2C signals on the bidirectional bus is 
illustrated in Figure 6. 

When the source device and the destina-
tion device are communicating via the bidi-
rectional I2C protocol, and they are operating 
with different voltage levels, hardware cir-
cuitry is necessary to translate the voltages. 
Many different schemes have been devised 
but a very simple and effective method, with-
out the need for direction control signals, is 
described in the I2C us specification. With 
a single source (a PIC microcontroller) and a 
single destination (an Si570) the level shift-
ing mechanism is as shown in Figure 7.

The level shifter consists of one discrete 
-channel enhancement MOSFET for the 

serial data SDA bus line and one for the serial 
clock SCL bus line. The MOSFET gates are 
connected directly to the lowest supply volt-
age. The sources of the two MOSFETs are 
connected to the SDA and SCL bus lines on 
the .   device and the MOSFET drains 
are connected to the SDA and SCL bus lines 

ig re 7  his ir it sho s an C e e  shi ter
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ig re   he Si570 a ghter ar  s he ati  iagra  

ig re   his photo sho s the Si570 a ghter ar
ig re 0  ere, the Si570 a ghter ar  is p gge  into the C  

 oar
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on the 5  device. Each of these S170 
MOSFETs has an internal diode between the 
drain and source. 

When neither device is pulling down a 
bus line (either SDA or SCL), the bus lines 
on the .   side are pulled up by the pull-up 
resistors R  and R4 to .  . Since the gate 
and the source voltages of both MOSFETs 
are at .  , the gs voltages are below 
the turn-on threshold voltages so neither 
MOSFET is conducting. This allows the bus 
lines at the 5  side to be pulled up by the 
pull-up resistors R1 and R2 to 5 . The bus 
lines of both sides are HIGH but at different 
voltage levels.

When the .   device pulls down a 
bus line (SDA or SCL) to a LOW level, the 
source of the MOSFET also becomes LOW 

while the gate stays at .  . As gs rises 
above the threshold, the MOSFET starts to 
conduct. The bus line on the 5  side is also 
pulled down to a LOW level by the .   
device via the conducting MOSFET. oth 
sides of the bus lines are LOW and at the 
same voltage level.

When the 5  device pulls down a bus 
line (SDA or SCL) to a LOW level, the 
source of the MOSFET is also pulled to a 
LOW level via the drain-source diode inter-
nal to the MOSFET. As the source is pulled 
down, gs passes the turn-on threshold and 
the MOSFET starts to conduct. The bus line 
of the .   side is then further pulled down 
to a LOW level of the 5  side via the con-
ducting MOSFET. oth sides of the bus lines 
are LOW and at the same voltage level.

Si570 a ghter ar
The daughtercard schematic is shown in 

Figure 8. It has two voltage regulators. One 
converts 12  to 5  and the other converts 
5  to .  . Why not just bring a 5  line 
from the PIC-EL to the daughtercard and 
avoid the 12 to 5  regulator  Two volt-
age regulators are used because the PIC-EL 
daughtercard connector was designed to 
deliver 12  for a DDS- 0 60 daughter-
card from the American QRP Club (

r r ), and the goal of this project was 
to use the existing PIC-EL circuitry without 
making hardware modifications.

Other versions of the Si570 have higher 
frequency limits but with reduced amplitude 
output. The spec sheet for the CMOS version 

ig re   his ir it is the Si570 ontro  oar  s he ati  iagra
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says it operates between 10 and 160 MHz, 
but some users report it can be used between 
.5 and 240 MHz.

The daughtercard can be used in many 
different platforms. I will describe a couple 
of examples.

er r   
One platform for the Si570 daughtercard 

(Figure ) is the AAØZZ PIC-EL board 
(Figure 10). The PIC-EL board provides a 
very convenient platform for experiment-
ing with the software to operate the Si570. I 
described the PIC-EL board in several QST 
articles.2

The Si570 daughtercard was designed to 
fit into an 8-pin socket on the PIC-EL board 
that was originally designed to accommodate 
an AmQRP DDS- 0 or DDS-60 daughter-
card The DDS daughtercard operates with 
three control lines. The Si570 daughtercard is 
simpler in that it operates with two commu-
nications lines. The communications scheme 
used by the Si570 is I2C and that means the 
lines are both bidirectional. This presents a 
problem for the PIC-EL, since two of the 
three PIC lines that go to the daughtercard 
interface are also shared by the LCD and 
the other line is shared with the program-
mer. This sharing of pins prevents two-way 
communications via I2C with these lines. 
The workaround is to use an external cable 
to connect the daughtercard to the PIC-EL s 
paddle jack. The paddle jack connects to dif-
ferent PIC pins and these pins are only shared 
with PIC-EL Pushbuttons 2 and . These two 
pushbuttons cannot be used when operating 
the Si570 daughtercard but otherwise the 
lines work well for I2C communications. 

The header (HDR2) on the daughtercard 
is a 2 2 connector block that is not used 
when the daughtercard is used in a PIC-EL 
with the external cable. 

er r   r  r
The Control oard schematic is shown 

in Figure 11.
When the daughtercard is used with a 

dedicated control board instead of a PIC-EL, 
then header HDR2, the 2 2 connector block, 
is put into use and the external cable from the 
stereo jack on the daughtercard to the driver 
platform is not needed. Two jumpers are 
installed in this header block (1 to 4 and 2 to 
) to route the I2C communications through 

the 8-pin interface connector.
The current required by the Si570 daugh-

tercard alone is about 100 mA and the total 
current required by the daughtercard and 
the Control oard with LCD active is about 
160 mA.

gen570 So t are App i ation
The sample application software for 

the AAØZZ Si570 daughtercard is called 

PEgen570. It runs on a simple, inexpensive 
16F88 PIC in the PIC-EL board. There are 
several reasons why the 16F88 was selected 
for this application instead of the PIC-EL 
standard 16F628A

1) Compared to the 16F628A, the 16F88 
has twice as much FLASH memory (for pro-
gram instructions), 50  more data memory 
(for variable storage and tables) and twice 
as much EEPROM memory (non-volatile 
storage).

2) The 16F88 has an 8 MHz internal oscil-
lator while the 16F628A has a 4 MHz internal 
oscillator. The extra speed is helpful.

Obviously, the user interface in the 
PEgen570 app is much simplified from the 
user interface in my IQPro DDS FO but the 
application was simplified such that it could 
be developed and debugged on the PIC-EL 
board.

Figure 12 shows an oscilloscope snapshot 
of the start of an I2C communication sequence 
in which the control board is sending a fre-
quency update to the daughtercard. The I2C 
communications sequence begins with the 
falling edge of the SDA line (Channel 2) 
while the SCL line (Channel 1) is high. The 
next bits show the beginning of the 55 (hex) 
device address (lower 7 bits) as described in 
the I2C Communications section. The clock 
rate in this implementation is 72 kHz. Since 
the Si570 can handle speeds up to 400 kHz, 
this rate is well below the limit.

Fre e  e e  Me
The methods for selecting 1, HS DI  

and calculating RFREQ for every frequency 
update are many. They can also be very time 
consuming, so optimization is especially 
important for a small microcontroller. For this 
reason, the following scheme was developed.

1) Create a list of pairings of all valid 1 

and HS DI  values. Calculate the frequency 
ranges that can be reached with each of these 
pairings. The total set of ranges must cover 
the intended operational range (10 MHz to 
157 MHz). Since there are 65 valid 1 val-
ues and 6 valid HS DI  values, there are 

0 valid pairings, so there are 0 valid fre-
quency ranges in this working table.

2) Examine the working set of pre-calcu-
lated frequency ranges for the 1 and HS
DI  pairings and select the minimum number 
of frequency ranges (bands) that can span the 
intended operational range of 10 to 157 MHz 
without gaps while starting and ending on 
MHz boundaries. Look for the bands with the 
widest frequency spans while also looking for 
the lowest 1 values and highest HS DI  
values. The total number of bands is limited 
by the size of a microcontroller memory 
bank ( 6 bytes) and each band entry requires 
4 bytes, so 24 bands are possible.

) Create a table that contains entries for 
the lowest frequency of each of the 24 bands.

4) Create a table of 1 byte entries for 
the selected bands, with each entry being 
constructed by multiplying the selected 1 
by the HS DI  value and then dividing the 
product by 2. If the 1 and HS DI  pairings 
selected in Step 2 do not fit into 1 byte after 
they are multiplied and divided by 2, then 
rework the band selection tables. This may 
force the selection of some non-optimal 1 
and HS DI  pairings. It also limits the total 
operational range.

ote that no significant figures are lost 
in dividing the 1 and HS DI  product by 
2, since each valid 1 is an even number (or 
1). The RFREQ calculations will take into 
account the fact that this division by 2 has 
taken place.

5) Construct the table, which contains 
entries combining Fxtal with 1 and HS

ig re   his os i os ope isp a  sho s the C o ni ations, ith S A S C 
signa s in the gen570 so t are app i ation
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DI  for the corresponding frequency bands. 
Each entry will be Fxtal  ( 1  HS DI ).

6) To calculate RFREQ for a given fre-
quency, retrieve the appropriate table entry 
containing Fxtal  ( 1  HS DI ) and divide 
the desired output frequency by this value. 
The result of this division must be a 10 bit 
integer and a 28 bit fraction.

7) Position 1, HS DI  and RFREQ in 
the command packet to be sent via I2C to the 
Si570 control registers. To be exact, store 
( 1  1) instead of 1 and store the  bit 

 Freeze 
Earlier in the article, I described the Si570 

requirement for a DCO freeze when updating 
the frequency, if the frequency has moved by 
more than 500 ppm (0. 5 ) from the last 
freeze frequency. 

The software keeps track of the frequency 
at which the last freeze operation was done. 
If the difference between the new frequency 
and the last freeze frequency is more than 
0. 5  of the last freeze frequency, the freeze 

a e 5
 tra te  ro  on o ati e e or

Register Bit 7 Bit 6 Bit 5  Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 Hex
Si Reg 7 0 1 0  1 0 0 1 1 0x53
Si Reg 8 1 1 0  0 0 0 1 0 0xC2
Si Reg 9 1 0 1  0 0 0 0 0 0xA0
Si Reg 10 0 1 0  1 0 0 0 0 0x50 
Si Reg 11 1 1 1  0 1 0 0 1 0xE9
Si Reg 12 1 1 1  1 1 1 0 1 0xFD
SiReg135
SiReg137

HS_DIV_Index [2:0]
(N1 – 1) [6:0]
RFREQ-integer [37:28]
RFREQ-fractional [27:0]

index corresponding to the selected HS DI  
value.

This scheme provides a relatively quick 
Si570 frequency update with some table 
look-ups and a single division. This single 
mathematical operation is not a simple one, 
however, since it divides a 40 bit integer 
value by a 2 bit integer value and results in a 
10 bit integer and a 28 bit fraction positioned 
such that the five bytes can be directly loaded 
into the Si570 registers.

a e 
 in Si570 egisters

Register Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 Hex
Si Reg 7 X X X X X X X X 0xXX
Si Reg 8 X X 0 0 0 0 1 0 0x02
Si Reg 9 1 1 0 1 1 1 1 0 0xDE
Si Reg 10 0 1 0 1 1 0 1 0 0x5A 
Si Reg 11 1 0 0 0 1 1 0 1 0x85
Si Reg 12 0 1 0 1 0 1 0 0 0x55
SiReg135
SiReg137

HS_DIV_Index [2:0]
(N1 – 1) [6:0]
RFREQ-integer [37:28]
RFREQ-fractional [27:0]

a e 
, S  an   in Si570 egisters

Register Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 Hex
Si Reg 7 1 1 1 0 1 0 0 0 0xE8
Si Reg 8 0 1 0 0 0 0 1 0 0x42
Si Reg 9 1 1 0 1 1 1 1 0 0xDE
Si Reg 10 0 1 0 1 1 0 1 0 0x5A 
Si Reg 11 1 0 0 0 1 1 0 1 0x85
Si Reg 12 0 1 0 1 0 1 0 0 0x55
SiReg135
SiReg137

HS_DIV_Index [2:0]
(N1 – 1) [6:0]
RFREQ-integer [37:28]
RFREQ-fractional [27:0]
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and unfreeze operations are done along with 
the frequency update. Rather than doing 
another large division operation, the actual 
calculation is performed in a simplified 
manner by determining whether or not the 
new DCO frequency (Fxtal  RFREQ) has 
moved by more than 0. 5 . Since Fxtal is 
a constant, the worst case is found by taking 
the lower limit of the integer portion of the 
RFREQ (42) and multiplying by 0. 5 . 

42  0. 5   0.147
Then, if the software determines the new 

RFREQ is changed by more than the con-
stant 0.147 from the last freeze, a new freeze 
is done.

M r r e   e
The frequency selection scheme that is 

used in PEgen570 was described earlier. This 
routine is called when a frequency update is 
needed. The job of this routine is to calculate 
the 8 bit RFREQ value with a 10 bit integer 
portion and a 28 bit fractional portion. 

RFREQ  (Fout  HS DI   1)  Fxtal
For quick calculation in a small micro-

controller, the combination of factors HS
DI , 1, and Fxtal are scaled, combined and 
placed in a table indexed by the frequency 
band number. ow, instead of multiplying 
Fout by (HS DI   1)  Fxtal, a table look-
up is done and a single division operation is 
performed in which Fout is divided by the 
reciprocal. 

RFREQ  Fout  (Fxtal  (HS DI   1))
This division is a 40 bit by 2 bit 
operation. 

( ote  Typical 2 bit by 2 bit integer 
division routines result in an integer with the 
remainder truncated but this division routine 
performs additional cycles through the divi-
sion mechanism in order to calculate and 
retain the fractional portion also.) 

Sample calculation
Fout  14,025,000 (D60128 
Hex)
Fxtal  114,285,000 (6CFD C8 
Hex) 
HS DI   11 (D Hex)

1  4 (22 Hex)
RFREQ (scaled by 228)  
2DE5A8555 (Hex) 

The RFREQ value is scaled by 228. The 
integer portion is 2D (Hex) and the fractional 
portion is E5A8555 (Hex). The RFREQ 
value is scaled in this manner so that it is 
ready to be loaded into the Si570 registers as 
shown in Table .

Later, when the HS DI  and 1 values 
are manipulated into the required form (HS
DI Index and 1  1) and added to the 
Si570 registers, the result is shown in Table 4.

The Si570 band tables for PEgen570 
are described in Table 6. The entries of the 
table are pre-calculated using the nominal 
value for the Si570 internal crystal frequency 

(114.285 MHz). The table entries, combining 
the crystal frequency with other parameters 
needed to generate RF in that frequency 
range, are stored in the PIC EEPROM and 
are loaded into the PIC volatile memory at 
power-up. This nominal frequency is almost 
never perfect, of course, but the Si570 is 
calibrated in the factory to use corrected 
parameter values in order to produce the 
default start-up output frequency of exactly 
10.00 MHz. (Other Si570 part numbers use 
different start-up frequencies.) 

y holding Pushbutton  down dur-
ing power-up, the application is directed to 
retrieve the parameters from the Si570 non-
volatile EEPROM memory. The software 
then does a “reverse calculation” to find the 
actual Si570 crystal frequency as determined 
by the factory to produce 10.00 MHz. After 
the actual crystal frequency is determined, the 
table entries are recalculated and copied back 
to non-volatile EEPROM. When Pushbutton 
 is released, the PIC restarts and populates 

the tables with the newly calculated values.
The SetupFxtal( ) routine is called at 

calibration time only. It retrieves the Si570 
registers from the part, extracts the HS DI , 

1, and RFREQ values, and uses this for-
mula to find the calibrated crystal frequency 
as determined during manufacturing. The 
default frequency for the Si570 being used 
in this project (570CAC000107DG or 
570C C000107DG) is 10.0 MHz.

ormal frequency formula  Fout  (Fxtal 
 RFREQ)  (HS DI   1)

Rearranged to give  Fxtal  (Fout  HS
DI   1)  RFREQ

The following steps are taken
1) Extract HSDI Index from the Si570 

words and convert to HS DI .
2) Extract ( 1  1) from the Si570 words 

and convert to 1.
) Extract RFREQ from the Si570 words.

4) Multiply HS DI  by 1.
5) Divide RFREQ by (HS DI   1).
6) Divide by default Fout (10,000,000).
As an example, Table 5 shows values as 

extracted from one Si570 with a 10 MHz 
start-up frequency.

The values of the fields of the registrations 
shown in Table 5 are as follows

Extracted HS DI  Index  2 so HS DI  
is 6. 

Extracted ( 1  1)  4F (hex) which is 7  
(dec) so 1  80 (dec).

Extracted RFREQ Integer  2A (hex) or 
42 (dec).

Extracted RFREQ Fractional  050E FD 
(hex).

ote that RFREQ is scaled by 228. The 
decimal value can be determined by convert-
ing the entire RFREQ value to decimal and 
then dividing by 228.

RFREQ  2A050E FD (hex)   

11,27 ,5 1,  (dec). 
11,27 ,5 1,   228  11,27 ,5 1,   

268,4 5,456  42.01 7.
The CalDivide routine is used in the 

SetupFxtal routine. It performs this calcula-
tion

Calculate Fxtal with this formula
Fxtal  (Fout  HS DI   1)  RFREQ
Form used by routine
Fxtal  (Fout  RFREQ)  HS DI   1)
This requires a 40 bit by 40 bit division 

followed by a 2 bit by 8 bit multiplication. 
To retain important significant figures, Fxtal 
is scaled by multiplying it by 256 before the 
division, so Fout must also be scaled by 256 
before performing the calculation.

Fxtal  256  (10,000,000  256)  (6  
80)  42.01 7

Fxtal  114.2 1 84 MHz (com-
p a r e  t o  1 1 4 . 2 8 5  M H z  n o m i n a l ) 

ote that this Fxtal value, extracted from one 
sample Si570, is only 0.05  from nominal.

This Fxtal value, along with correspond-
ing HS DI  and 1 values from the band 
tables (described later), is then used to 
recalculate all values in the HS 1F  table 
in EEPROM. This table is copied from 
EEPROM to working (SRAM) memory at 
power-up so calibrated values will be used 
for all subsequent RFREQ calculations.

 
The PEgen570 software is implemented 

with 24 frequency bands. ( ote that these 
do not correspond to amateur bands.) Most 
of the parameters that the Si570 requires to 
produce the desired output RF signal are in 
tables in program memory. These program 
memory tables cannot be modified with 
program instructions. These tables are used 
by the application by using the band number 
as an index. 

One table is located in the PIC data mem-
ory, and can be modified. This table is popu-
lated by extracting values from EEPROM 
upon power-up. This table consists of 24 
entries, each entry containing a starting fre-
quency requiring 4 bytes. This means that the 
24 band table requires 6 bytes of memory. 
Since the maximum size of any single bank 
of data memory in the 16F88 (or any “16F” 
PIC for that matter) is 6 bytes, this deter-
mines the maximum number of bands that 
can easily be handled in the PIC. With addi-
tional overhead the size could be expanded 
and then the upper frequency could be 
increased. The CMOS version of the Si570, 
however (the version that the daughtercard is 
designed to use), has a maximum frequency 
of 160 MHz. This means the current 6 byte 
table with an upper limit of 157 MHz is rea-
sonable for this Si570 version. The lower 
limit of the Si570 is 10 MHz and the 6 byte 
table also handles this limit. 

The 24 PEgen570 bands were created by 
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examining the Si570 spec sheet and mak-
ing calculations with a spreadsheet based on 
the Si570 parameter requirements. Without 
getting into the esoteric requirements of the 
Si570 frequency generating parameters and 
the formula involving several specific “mul-
tipliers,” the Si570 internal crystal frequency 
and the desired output frequency, the fre-
quency range of each band was calculated. 
The table was generated in such a way that 
the major parameters for each band can be 
pre-calculated and retrieved from tables when 
changing frequency. This greatly minimizes 
the number of complex calculations that must 
be performed for each frequency change.

The 24 PEgen570 bands are defined in 
Table 6.

Several tables were constructed, ready 
for quick access by the frequency update 
routines. Each table has one entry per band 
(24 entries). 

There is one table in EEPROM with each 
4 byte entry containing a combination of 
HS-DI , 1 and Fxtal. The table is initially 
populated with the default crystal frequency 
(114.285 MHz) but this table is updated 
during calibration with the actual crystal 
frequency that is measured and stored in the 
Si570 during manufacture. 

Entries are constructed and scaled in this 
manner  

HS 1F   (Fxtal  (HS DI   1))  
256

At first glance it would appear that one 
byte is wasted per entry since multiplying by 
256 appears to be simply shifting the origi-
nal number by 1 byte. It is not that simple. 
The division operation results in a fractional 
quotient so multiplying by 256 by continuing 
the division for 8 additional steps preserves 
important significant figures of the fractional 
remainder. Subsequent calculations compen-
sate for this scaling factor.

Example  The entry for and 0 (covering 
10 - 11 MHz) is  

HS 1F 0  (114,2 1, 84)  (46  11)) 
 256  57,7 ,256 (dec)  71DAE8 (hex).

ote that with the nominal crystal fre-
quency the default entry would have been

HS 1F 0  (114,285,000)  (46  11)) 
 256  57,820,07  (dec)  724 AF (hex)

There is one table in volatile memory 
(SRAM). This table is identical to the 

HS 1F  table in EEPROM. Accessing 
EEPROM during program execution is 
relatively slow so this 24 entry table is cop-
ied from EEPROM to fast-access program 
memory at power-up time (4 bytes per entry). 

These tables have one entry per band in 
program (FLASH) memory.

1) Si andTable — A table containing the 
lower limits (in MHz) of the frequencies for 
each band (4 bytes per entry).

2) and 1Minus1 — A table containing 
the selected 1 value for each band (1 byte 
per entry).

) andHSDI Index — The selected 
HSDI  Index for each band (1 byte per 
entry).

4) andHS 1D2 — The selected values 
of HSDI  and 1 multiplied together and 
divided by 2 (1 byte per entry). o significant 
figures are lost in dividing the HS DI  and 

1 product by 2 since each selected 1 is an 
even number.

er er e
The user interface for the PEgen570 

application is very simple. It uses two push-
buttons, an encoder, and a 2-line by 16-char-
acter LCD. A simple menu for changing 
configuration is activated via the two push-
buttons. 

The “Reset” pushbutton on the PIC-EL 
board is configured (via the CO FIG state-
ment in the source code) such that it does 
not perform a microprocessor reset when 
pressed but to operate as a normal I O pin 
instead. This made the pushbutton available 
for operation and it is needed. To clarify 
this change in usage, the pushbutton will 
be referred to as Pushbutton 4 rather than 

the Reset pushbutton. This means that the 
PIC-EL board must be powered down and 
up after loading new software into the PIC 
before the new program will start executing. 
Simply moving the slide switch from PGM 
position to R  position does not start the 
PEgen570 program.

Pushbutton  and Pushbutton 4 are the 
two operational pushbuttons. When running 
the Si570, each time Pushbutton  is pressed 
and released, the tuning digit that is currently 
being modified by turning the encoder is 
increased by one digit. It can be advanced up 
to the 1 MHz position. Similarly, each time 
Pushbutton 4 is pressed and released, the tun-
ing digit that is currently being modified by 
turning the encoder is decreased by one digit. 
The digit that is currently being modified by 
the encoder is underlined. 

When the program is running, pressing 
and holding Pushbutton  for longer than 
2 seconds stores the current frequency in 
EEPROM. This frequency is used as the 
start-up frequency on subsequent power-ups. 

Me
A simple menu is used for changing mode 

between upper and lower sideband ( S , 
LS , CW  or CW ). Then the user can turn 
FS  on or off. 

The menu is activated by holding 
Pushbutton 4 while pushing Pushbutton  
and then releasing them both. The current 
mode is shown in character position 1 of 
line 1 of the LCD. ow, tapping Pushbutton 
 allows the user to toggle through the four 

sideband options, with the display showing 
, L,  or . Tapping Pushbutton 4 leaves this 

portion of the menu. Then FS  mode may be 

a e 
gen570 an s

BAND Frequency Range BAND Frequency Range BAND Frequency Range BAND Frequency Range
0 10 - 11 MHz 6 19 - 21 MHz 12 36 - 41 MHz 18  81 - 90 MHz
1 11 - 12 MHz 7 21 - 23 MHz 13 41 - 47 MHz 19  90 - 101 MHz
2 12 - 13 MHz 8 23 - 25 MHz 14 47 - 54 MHz 20 101 - 111 MHz
3 13 - 15 MHz 9 25 - 28 MHz 15 54 - 61 MHz 21 111 - 128 MHz
4 15 - 17 MHz 10 28 - 32 MHz 16 61 - 70 MHz 22 128 - 135 MHz
5 17 - 19 MHz 11 32 - 36 MHz 17 70 - 81 MHz 23 135 - 157 MHz

ig re   he rst ine o  the C  sho s 
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enabled. The current FS  state is displayed 
(either F or blank) in character position 1 of 
line 1 of the LCD. Tapping Pushbutton  tog-
gles FS  mode between on and off. Tapping 
Pushbutton 4 once again exits the menu.

e  e e  e
An external latching relay is engaged or 

disengaged as the sideband is changed in 
the menu. PIC output ports RA6 and RA7 
attach to HDR6 and HDR5 (pins 15 and 16) 
respectively. As the sideband is changed in 
the menu, either RA6 or RA7 is driven high 
with an 8 ms pulse (with the opposite side 
being held low) to engage or disengage the 
external latching relay. The recommended 
latching relay (TQ2-L-5  — Digi ey part 
255-1004-5- D) requires 14 mA at 5  for 
 ms plus contact bounce time. The latching 

relay is intended to enable the proper I and Q 
phases of the transmitter and or receiver to 
set the correct sideband.

e e r  e e e r F  
Header HDR7, attached to PIC input port 

R 7, is monitored by the software to deter-

mine whether or not to shift the frequency by 
the sidetone amount if FS  is not active, or 
to shift the frequency by the FS  shift size if 
FS  is active. In CW  or CW  mode, HDR7 
is expected to be set to a low state by exter-

nal transmit receive circuitry during receive 
operations and to a high state during trans-
mit operations. The software continually 
monitors the signal at HDR7 and, when it is 
detected to be low while in CW  mode, shifts 

ig re 5  ere is the s he ati  iagra  o  a re ei er sing the Si570  an  a C or a io pro essing

ig re   his o  iagra  represents a C  or SS  e ei er
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ig re   his s he ati  
iagra  sho s a re ei er ith 
a o  noise a p i er an  an 

a io se tion ro  the i ro  
re ei er  i  Ca p e , 

7  he re ei er in es a 
a rat re sa p ing ete tor 

an  the Si570 
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the frequency down by 600 Hz from the 
nominal, displayed frequency. If the mode is 
CW  and HDR7 is set LOW (receive), the 
frequency is shifted up by 600 Hz from the 
nominal, displayed frequency. In either case, 
whenever HDR7 is detected to be HIGH, 
indicating Transmit operation, the frequency 
will be set back to the nominal frequency that 
is displayed on the LCD. 

When FS  mode is activated via the 
menu, the frequency is set to the displayed 
frequency when the signal on HDR7 is 
HIGH (the MAR  frequency) and is shifted 
down by 170 Hz when the signal on HDR7 
is LOW (the SPACE frequency).

How fast does it switch  The software 
looks at the signal on HDR7 often enough 

ig re   his s he ati  iagra  sho s a 0  C  rans itter that ses the Si570  as the o a  os i ator

ig re 7  A 0  C  rans itter is sho n in this o  iagra
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ig re   ere is a o  iagra  o  a 0  SS  rans itter that ses the Si570  
as the o a  os i ator

to detect and change the frequency within 
1.6 ms of HDR7 changing state. That s fast 
enough for QS .

 r  
The first line of the LCD shows the cur-

rent frequency. The second line is for debug 
purposes and when debug mode is enabled,  
shows the hex digits for the six Si570 fre-
quency-specifying registers (SiReg7 through 
SiReg12) starting at LCD position 1. The 
current band number is displayed in positions 
15 and 16 of line 2.

The PEgen570 application can be config-
ured to display the Si570 frequency or it can 
be configured to display the Si570 frequency 
divided by two or four. The divide-by-four 
option is useful when the signal generator is 
being used as a signal source for a QSD QSE 
(“Tayloe”) mixer. The circuitry for these 
mixers usually divides the input frequency by 
four so this software option allows the LCD 
to display the mixer s operating frequency.

F  er
PEgen570 has the capability of running 

in FS  mode as well. When FS  mode is 
enabled in the software, header HDR7 on 
the Control oard is used for FS  modula-
tion. When HDR7 is modulated (header 
pins “opened” or “shorted” by external 
hardware circuitry) the frequency is shifted 
from MAR  (nominal frequency) to SPACE 
(170 Hz below nominal displayed frequency). 
When HDR7 is set high (not shorted to 
ground) the software will command the Si570 
to generate RF at the MAR  frequency and 
when HDR7 is set low (shorted to ground) the 
software will command the Si570 to generate 
RF at the SPACE frequency.

If the user is not interested in FS  opera-
tion, header HDR7 is available for re-com-
missioning.

e  M e
If debug mode is turned on (by pressing 

and holding P  and P 4 during power-up),  
the Si570 registers and the current Si570 
band number are displayed on the second 
line of the LCD, as shown in Figure 1 .

e  r F re M
The source code of this software is avail-

able for download from the ARRL Q  web-
site, for experimenters to examine, change 
and extend to accommodate personal prefer-
ences.4 A couple of items are easy to imagine

1) Make the CW sidetone frequency 
changeable. Currently the sidetone frequency 
is fixed at 600 Hz. (600 Hz is added to or 
subtracted from the base frequency during 
receive operation and the base frequency is 
restored during transmit operation.)

2) Display additional information on the 
LCD  receive versus transmit, sidetone and 
so on.

) Startup frequency is now saved in 
EEPROM. Add code to save other current 
settings.

4) Personalize line 2 of the display with 
the operator s call sign.

a p e e ei ers an  rans itters 
sing the Si570 rogra a e 

Figure 14 shows a block diagram and 
Figure 15 is a schematic diagram for a 
receiver that uses the Si570 P-PLL and a 
QSD to produce I and Q audio signals for 
processing in a PC with software such as 
the Rocky SDR software for the SoftRock 
radio.5, 6

Figure 16 shows the schematic of the 
Si570 LO and a QSD combined with a 
MicroR2 low noise amplifier and audio pro-
cessing section designed by Rick Campbell, 

7 .7  (Also see ote 1.)
Figure 17 is a block diagram showing the 

Si570 LO and a QSD in a 40 m CW transmit-
ter. (See ote 1.) Figure 18 is the correspond-
ing schematic diagram. Figure 1  is a block 
diagram of a 40 m SS  transmitter using the 
Si570 programmable PLL. 

Con sion
The Si570 programmable PLL from 

Silicon Labs opens up a myriad of new pos-
sibilities for Amateur Radio experimenters to 
explore. I hope this article has given you some 
ideas. To continue the discussion, please join 
us on the PPLL- FO AHOO group (
r r ). its are 

available from ill elsey, 8ET, at anga 
S  web page ( ) or e-mail 

him at . For questions, 
comments, source code and schematics see 
the AHOO group or my web page, 

zz, or contact me at zz
rr e . Happy experimenting

S

S

Q
S Q

Q
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A 10 MHz to 6 GHz Power Meter  
This power meter, based on a Mini-Circuits ZX47 power detector,  

gives a direct display of –55 to +10 dBm power levels.

I was building the Modularized Spectrum 
Analyzer described by Scotty Sprowls. 
For detailed information about this spec-
trum analyzer, see e r

zer . I ran into a problem when I 
needed to align the analyzer. We are talk-
ing here about frequencies in the low giga-
hertz range. My frequency meter goes up 
to .5 GHz and would give a frequency 
reading but no indication of the power level 
involved. My 100 MHz scope couldn t cope 
and was useless. I needed two kinds of mea-
surements

 Relative ones  Am I getting any gain or 
loss  How much  Is the signal getting from 
point A to 

 Absolute ones  Am I getting the 
10 d m I need from the phase locked oscil-
lators (PLOs)  Remember that when making 
absolute measurements a sine wave shape is 
assumed. Also,  of the power coming out 
of the device must be measured  placing the 
probe in parallel when the device is deliver-
ing power to another device will not measure 
the true output. Most likely, and assuming 
50  impedances, it will measure 50  of the 
power. se a pigtail as shown attached to the 
meter in Figure 1.

  r e
With tiny (and I mean ) surface mount 

components, taking your eyes from the cir-
cuit to glance at a meter a foot or two away 
may result in the measuring probe slipping 
away, with disastrous effects  if not to the 
electronics, perhaps to yourself due to the 
adrenaline jolt. When measuring voltages I 
could bring my handheld D M very close to 
the point of measurement to see the results, 
but not my heavyweight HP 4 5  power 
meter. I needed a hand-held device with 
local readout. This is particularly important 
in today s crammed circuits where you don t 
dare to glance away from the point of mea-

ig re   he nishe  asse e  po er eter

ig re   A ini Cir its Z 7 0  po er 
ete tor o e

surement for fear of the probe slipping.

he so tion
I was looking for a way to enhance the 

“Pocket d m RF Power Meter” by Steve 
Whiteside, 2PO  in the August 2008 
issue of QST, so it would measure into the 
gigahertz range. During that search I discov-
ered the Mini-Circuits power detectors. See 

Figure 2. The Mini-Circuits Z 47 power 
detectors measure RF power from 10 MHz 
to 8 GHz and, depending on the detector 
chosen, 50 d m to 15 d m, displaying 
the results directly in d m. This is especially 
convenient because with its small size, the 
readout can be at the place of measurement. 

These devices are very linear, have a won-
derful dynamic range and are tiny. esides, 
their data sheets include response curves that 
allow for a close calibration without the need 
for an external reference. Figure  shows the 
output voltage versus input power response 
curves for the Z 47 40  power detector. 
I ordered one of them and ran a few tests 
to verify how close the response was to the 
published curves and found a general agree-
ment of between 1 and 2 d m. The detectors 
are not cheap (about 0 each) but they beat 
by a mile (and in some cases parsecs) the 
cost of commercial units.

Among other things, the combination 
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of a FO at 101 .  MHz and this meter 
allowed me to set up the spectrum analyzer s 
cavity band pass filter to a loss of 10 d  in 
no time at.

Mini-Circuits offers four detectors in 
its Z 47series. The linear span is approxi-
mately as follows 

Model 60  55 to  0 d m
Model 55  50 to 5 d m
Model 50  45 to 10 d m
Model 40  40 to 15 d m
These ranges are good up to 6 GHz, but 

beyond that the range is smaller. Their output 
voltage is 0.6 to 2 . Since its high power 
range may be increased by using an attenua-
tor, my favorite is Model 60. 

The schematic shown in Figure 4 is quite 
simple  one potentiometer sets the slope and 
the other sets the intercept of the response 
curves. Since — up to 6 GHz — the linear 
portions are essentially parallel, the slope pot 
is set once and left alone. As Figure  shows, 
the 8 GHz output voltage curve is quite 
noticeably different than the lower frequency 
curves, and would require a different calibra-

ig re   his graph sho s the Z 7 0  po er ete tor o tp t o tage ers s inp t 
po er at 5 C  his graph is repro e  ro  the ini Cir its ata sheet or the ete tor

ig re   he s he ati  iagra  o  the po er eter sho s ho  si p e this ir it is  otentio eter 7 sets the ete tor s ope or the 
C  o t eter an   sets the isp a  inter ept  On e the s ope is set no rther a st ents are nee e  to that ontro  he inter ept 

potentio eter is a ste  or the appropriate re en  range
arts ist

C , C  0 ,  S  0 05 Cera i
 o ser C 0 5 or e i
C , C   , , 5  S  0 05 Cera i
 o ser 7 C 05JA  or e i a ent

n os re a on  5 0A o ser 5 5 0A
as ar C  as ar 5 C  o t eter Ja e o 0

 anasoni  i o or,  igi e  
o er ete tor ini Cir its Z 7 0
o er Ja  S it h ra t 7 A 0 A Ja e o 5
esistors S  0 05, 
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 7  

 7 
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 0  per, i  nee e
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S A 0  A pheno   a e e a e e o  o ser 5

 7 05 A  o ser C7 05C
 Charge p p o tage on erter,  

 a i  C 7 A  igi e
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tion. The intercept is a function of the fre-
quency and is set at the time of calibration or 
simply taken from the Mini-Circuits curves. 

The user interface includes a Lascar EM  
1125 LCD digital voltmeter, a bicolor LED 
(red when the switch is in calibration mode, 
green when in measurement mode) and the 
offset potentiometer. A calibration table is 
pasted to the face of the box (not seen in any 
of the pictures). The offset potentiometer is set 
to the value in the table, which corresponds to 
the frequency of the signal being measured. 

The meter requires an external supply 
from 12 to 20  dc. ecause of the sensor 
current draw (about 120 mA), no attempt has 
been made to use batteries.

Figure 5 depicts my original unit. The left 
side of Part A has the 12  jack. There was 
a 7805 voltage regulator bolted to the box 

oor underneath the circuit board and both 
the regulator and circuit board were secured 
by the screw visible at the top left corner of 
the circuit board. The IC visible on the cir-
cuit board is a charge pump to get the 5  
needed for the Lascar LCD voltmeter. I have 
built a newer version and have moved all the 
components to the printed circuit board. That 
has simplified the wiring. Figure 6 is a picture 
of the inside of the newer version.

r  e
I used a Hammond 15 0A cast aluminum 

enclosure, and had to remove some material 
from the corners to make room for the Mini-
Circuits sensor, as shown in Figure 7. I cen-
ter punched the area and then used my drill, 
being careful not to engage it and go through 
the wall. The probe SMA hole offset is to 
provide clearance for the LCD in the other 
side of the box. ot shown here, there was a 
hole drilled on the box “ oor” to secure one 
of the legs of the sensor.

Look again at Figure 6. Some versions of 
the 7662 charge pump require that the L  pin 
(pin 6) be tied to ground to ensure a negative 

ig re 5   origina  nit  he e t a  in art A has the   a  
here is a 7 05 o tage reg ator o te  to the o  oor n erneath 
the ir it oar  an  se re   the s re  at the pper e t orner 

hi h ho s oth the 7 05 an  the ir it oar  in p a e  he C 
isi e on the ir it oar  is a harge p p e i e to get the 5  
nee e  or the ASCA  C  o t eter  he atest ersion o  the 
eter has o e  a  the o ponents to the ir it oar , hi h has 

si p i e  the iring  art  sho s the ront o  the o , ith the C  
o t eter, the Ca i rate eas re s it h, the inter ept potentio eter 

ontro  an  the i o or 

ig re   A oo  insi e the ne est ersion o  the eter  he tri er is the s ope 
setting an  the iniat re potentio eter is or the inter ept setting  ote the g o  

o  g e on the right se ring the oar  to the ete tor

ig re 7  se  a a on  5 0A ast a in  en os re an  ha  to re o e 
so e ateria  ro  the orners to a e roo  or the ini Cir its sensor   enter 

p n he  the area an  then se   ri , eing are  not to engage it an  go 
thro gh the a  he pro e S A ho e o set is to pro i e earan e or the C  in 

the other si e o  the o  ot sho n here, there as a ho e ri e  on the o  oor  
to se re one o  the sensor egs

(A)

(B)
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5  output of the same level as the positive 
input. ersion 1.  of the circuit board, which 
is the one shown in Figure 6, requires install-
ing a wire jumper to ground. Circuit board 
version 1.4 has provision for a 0  resistor 
(R6) if needed. 

Figure 8 shows the Lascar LCD voltmeter 
control board on the inside of the Hammond 
project case, with the circuit board and power 
detector ready to be installed. otice that the 
wires from the display feed through a hol-
low stud on the back of the display, and they 
attach to a row of holes along the top of the 
control board and to the switch and R8 on the 
circuit board. 

Figure  shows the bottom of the cir-
cuit board, with a 0  angled SMA male to 
female connector between the detector out-
put and main circuit board. I used a  inch 
length of 141 coax between the SMA female 
end and the circuit board. Do not solder the 
coax to the SMA connector until you are sure 
everything fits correctly.

Figure 10 is the circuit board artwork. 
ote that this is a double sided circuit board, 

with the traces on top of the board outlined in 
black and traces on the bottom of the board 
shown in lighter gray. 

The circuit board file was created using 
. ecause  requires 

a minimum board size of .8  2.5 inches, 
builders may want to join with a few others 
to make the price more attractive (a good club 
project ) or to include boards for other proj-
ects with the order. An alternative is to redo 
the design using . 

A color copy of this artwork, along with 
the  file is available for down-
load from the ARRL Q  files website  

rr r e e . Look for the file 
r z .1

r  e re er
The potentiometer requires a 5 16 inch 

hole. The LED I used requires 16 inch and 
the switch needs a  inch hole for the shaft. 
Remember  “Measure thrice, drill once.” 
Refer your measurements to the centers of 
the enclosure screw holes, not to its walls. 
Then, transfer those measurements to the 
cover.

e   e   
e er

The EM 1125 doesn t require a split rail 
power supply. It can happily run from a sin-
gle rail. nder these conditions, however, the 
signal must be left oating (totally isolated) 
from the power supply and link L2 ties the 

oating signal (I LO) to a reference voltage 
(Com, held 2.8  below ). Since in the 
power meter the signal is not oating,  

  e . Leaving this link will basi-

cally short G D to , damaging the meter. 
Figure 11 shows the LCD voltmeter control 
board, with the connections to the display.2

The meter is thus operated from a  5  
split-rail supply. In order for the LCD to 
read 2  full scale the Ra ( 10 k ) and Rb 
(100 k ) resistors must be installed and  

  e . To set the decimal point so 
that the meter reads directly in d m, the deci-
mal link DP1 must be shorted out. 

Last, but not least, measure the input 
voltage at I -HI with an accurate DMM 

and adjust CAL for the same reading on the 
Lascar display.

re i inar  Ca i ration
The preliminary calibration uses the 

Mini-Circuits data sheet curves. A more pre-
cise calibration will require comparison with 
another power meter. The following is how 
the preliminary calibration is performed. 

If using the Lascar EM 1125, set it up 
in accordance with its data-sheet and the 
instructions above. If using any other meter, 

1Notes appear on page 21.

ig re  he C  o t eter o es ith air  ong ires, hi h  se  to onne t it to the 
ir it oar

ig re    ha  to insert a  in h ength o   oa  into right ang e  S A onne tor, to 
pro i e earan e et een the ete tor an  the ir it oar  he oa  shie  an  enter 

on tor  sho  not e so ere  to the S A nti  the er  en
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ig re   his is the 
ir it oar  art or  he 

oar  is    in h

set it up to display 2 , but move the decimal 
point to one decimal digit.

Refer to the schematic diagram in 
Figure 4. It refers to the designation of the 
potentiometers. This preliminary calibration 
procedure is based on setting the slope with 
R7 and the intercept with R8.

1) Set the switch to “Calibrate” position, 
to ground the EM  1125 input line  the bi-
color LED should turn to red. Do not connect 
any signal to the RF input of the Z 47. Turn 
on the power supply. 

2) se a DMM to measure the voltage 
at the Z 47 output (the top of resistor R1). 
Suppose you measure 2.17  

) Adjust the slider of the slope potenti-
ometer R7 (the small trimmer on the circuit 
board) and measure the voltage at the arm. 
For this example you should measure 2.17  

 0.4  0.868 .
4) I used the Model 40 Mini-Circuits 

detector, so I used the curves shown in Figure 
, reproduced from Mini-Circuits data sheet.

se a signal generator to inject a 10 MHz 
signal to the Z 47 40  RF input. Ideally, 
the signal level should be in the center of 
the range, which for the Model 40 is around 
15 d m. In any case, do not exceed the 

upper limit for the Z 47 detector you are 
using. Read the voltage at the input side of 
R1. Suppose you read 1. 8 . 

5) Look at the Figure 4 graph. The thin 
black line corresponds to 10 MHz and 1. 8  
corresponds to 14 d m. 

6) Set the switch to the “Measure” posi-
tion  the bicolor LED will be green. Adjust 
the intercept potentiometer (R8) until you get 
the same d m reading on the Lascar display. 
Return the switch to “Calibrate” and make 
a note of the reading on the display. That is 
your set point at 10 MHz.

7) Set the switch to “Measure” again, and 
you are ready to start measuring power in 
the 10 MHz range. ou can now experiment 

with different frequencies and levels. For 
example, my set point at 50 MHz is 44.7, and 
at 1000 MHz it is 4 .8. These set points are 
the equivalent of calibration factors used in 
other instruments. Table 1 shows the calibra-
tion table for my meter.

a gro n
With the Model 40, the response equation 

at 10 MHz is  d m (10   42  (40  )
For example, a sensor voltage output of 
1.   corresponds to a power input of 
42  (40  1. )  42  (52)  10 d m at 
10 MHz (the thin black line on Figure ). For 
other frequencies, the response equations are  
d m (1000   41.7 (40  )
d m (2000   .25 (40  )
d m (6000   44.7 (40  )
d m (8000   52 (40  )

Since the lines are essentially parallel 
(with the exception of the 8 GHz line) the 
slope has been set as a constant at 40. The 
intercepts are frequency dependent, how-

a e 
Ca i ration a tors

Frequency Range Calibration Factor 
MHz
10 47.4
50 43.9
100 47.9
200 44.2
300 44.1
400 43.8
500 44.5
600 44.3
700 46.1
800 44.0
900 52.0
1000 49.9
1050 48.1
(My signal generator does not go any 
further)

ig re 0  his ontro  oar  is part o  the as ar o t eter  he ires ro  the isp a  
onne t to the top ro  o  ho es

ever. ased on the Mini-Circuits graphs, the 
Model 40 power sensor should provide fairly 
close results to the above formulae between 

5 and 15 d m. 

S

S

otes
1A color version of the circuit board pattern, 

along with the ExpressPCB circuit board 
file is available for download from the ARRL 
QEX files website: arr org e es. 
Look for the file 7 ontoria ip.

2Figure 10 is from the Lascar Electronics 
(4258 W 12 Street, Erie PA 16505) EMV 
1125/2 data sheet. Displays are available 
from Jameco Electronics.
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Filter Synthesis using Equal 
Ripple Optimization  

1Notes appear on page 29.

The author describes the filter design optimization technique 
used by his Lowpass Filter Designer software.

Modern filter design was a direct result 
of the availability of significant computer 
power. Prior to the introduction of the per-
sonal computer, this power was not available 
to most engineers, so filter design usually 
meant pulling out a book full of normalized 
filter design tables, and denormalizing the 
information for impedance and frequency  
to arrive at the desired filter design. With 
the availability of significant computing 
power on a desktop computer, programs 
quickly became available for designing the 
simpler filter characteristics  utterworth 
and Chebyshev  along with a few others. 
Eventually the program  became avail-
able on the personal computer, enabling the 
design of complex filter characteristics, but 
at a hefty price.1 Today, a number of free and 
moderately priced programs are available for 
the synthesis of a variety of filter character-
istics.2, 

To my knowledge, all of these programs 
synthesize the more complex filter character-
istics (those incorporating finite frequency 
zeros in the stopband) by forming an input 
and output impedance (or admittance) func-
tion, and extracting element values from one 
or both ends, while simplifying the imped-
ance (or admittance) function as each ele-
ment value is extracted. This technique has 
been improved over the years, incorporating 
frequency translation to reduce error accu-
mulation, and is the accepted method to syn-
thesize filters today.4 

While techniques have been developed 
for synthesizing desired filter responses 
using iterative techniques rather than element 
extraction, it does not appear than any filter 

design program has ever made use of these 
techniques.5 The normal procedure for an 
iterative approach to filter design has been 
to design a filter with characteristics close 
to those desired, then use the optimizer in 
an analysis program along with an appropri-
ately defined error function, to drive the filter 
response towards the desired characteristics. 
Defining the error function can be problem-
atic. There is a tradeoff in which characteris-
tics should take priority in the optimization 
procedure. In general, the performance of 
a simple optimization like this is not very 
efficient, and there is no guarantee that the 
optimization procedure will locate the best 
match to the desired performance goals. The 
recent series of Q  articles on unequal-rip-
ple low pass filters has rekindled my interest 
in developing an iterative technique for the 
realization of optimum frequency response 
characteristics in a filter.6, 7, 8

s Opti i ation the Opti  
So tion

Optimization techniques have been stud-
ied in detail over the years, as the computer 
has made possible the repeated calculation of 
mathematical functions hundreds, thousands 
or even millions of times. , 10, 11 Perhaps it 
was believed that optimization techniques, 
along with the extraordinary improvement in 
computational speeds, would ultimately lead 
to the ability to solve any problem by using 
optimization techniques. To my knowledge, 
that has never happened.

The typical optimizer works with an error 
function that is defined by the user. Consider 
for an example an amplifier for the 6 meter 
band. We d like to maintain an equal ripple 
response over the entire band, while obtain-

ing the maximum possible rejection at the 
second harmonic. The lowest frequency for 
the second harmonic would be 100 MHz. 
We d normally want to extend the passband 
beyond the limits of the 6 meter band, to 
simplify tuning, and avoid the increased 
loss that occurs near the band edges. Let s 
define the desired equal ripple passband as 
extending from 40 to 65 MHz. The lowest 
frequency second harmonic will still be at 
100 MHz.

In order to implement the optimization 
procedure, we need to define an error func-
tion that increases as the ripple exceeds some 
specified value anywhere in our defined 
passband of 40 to 65 MHz. The error func-
tion must also increase as the stopband atten-
uation at 100 MHz drops. The optimizer 
would sweep the filter over the passband, 
looking for the worst case ripple point, and 
then perform a single analysis at the speci-
fied stopband frequency, to determine the 
error function value for these present ele-
ment values. The goal of the optimizer is 
then to modify the element values in such a 
way as to reduce that error function. In the 
process  the optimizer is blind as to which 
part of the error function is causing the 
error function to increase. This is partially 
addressed by adding weights to the vari-
ous parameters that are making up the error 
function. For example, the ripple might be 
weighted much greater than the stopband 
rejection, because it s more important to 
avoid exceeding the maximum allowable 
passband ripple, while obtaining the greatest 
stopband attenuation possible with the speci-
fied passband ripple. The optimizer will then 
tend to reduce the ripple to the maximum 
allowable as a primary goal. Improving the 
stopband performance becomes a second-
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ary goal. The search for an optimum solu-
tion may be random, or it may be guided by 
partial derivatives, guiding the optimization 
by their knowledge of how the error func-
tion responds as various elements are varied. 
My limited experience with optimizers has 
shown them to be of limited effectiveness, 
which perhaps explains why optimizers are 
not universally available in analysis pro-
grams.

etting to the oot o  the ro e
A problem that is addressed in most 

books on numerical methods is finding the 
location of a root of an equation. One of the 
techniques presented is the ewton-Raphson 
method.12 This technique involves a calcula-
tion of the original function, as well as one 
or more derivatives of the function. For our 
purposes we ll consider using only the first 
derivative. With simple functions, the deriva-
tive may be known, but the ewton-Raphson 
method is equally applicable where the 
function and its first derivative can be deter-
mined numerically. A simple example of the 

ewton-Raphson method is the calculation 
of the square root. Since we re looking for a 
zero, we have to write an equation where the 
square root represents a zero of the equation, 
as shown in Equation 1. 

 Eq 1

We re looking for the value of  corre-
sponding to the root or zero of the expres-
sion ( ), which is obviously the square 
root of . Without going into details, the 

ewton-Raphson method can be used with 
an initial approximation to the value of , to 
arrive at a better approximation of . This 
improved approximation to  is obtained by 
a recurrence relation, an expression that is 
used repeatedly to obtain the new, improved 
approximation from the previous approxima-
tion. The recurrence relation for the ewton-
Raphson method is defined in Equation 2. 

 Eq 2
 

If we substitute Equation 1 into Equation 2, 
and define the difference between our present 
approximation n, and our new approxima-
tion n 1, as , we obtain Equation  as our 
expression for computing the change in the 
approximation of .

 Eq 
 

ote that the numerator here is just the error 
in the expression ), which is the error in 
the expression defining the square root. As  
approaches the desired square root of , this 
error value, and therefore the delta value, will 

go to zero. As an example, if we set  to 10, 
looking for the square root of ten, and start 
with an initial guess for  of 1, we get the 
following series of approximations for the 
square root of ten
1 . 0 ,  5 . 5 ,  . 6 5 ,  . 1 6 ,  . 1 6 2 
After four iterations we have achieved the 
square root of ten to three decimal places.

So what does this have to do with filters  
Fortunately, this is just a very simple example 
of the ewton-Raphson method. In particu-
lar, this is an example with a scalar function. 
The ewton-Raphson method works equally 
well with vector functions — with a system 
of equations. If we can define a vector expres-
sion involving the filter response, where the 
desired solution is a zero of that expression, 
we can use the ewton-Raphson method to 
obtain an approximation to that zero using an 
iterative technique. As with the example with 
the square root, the more times we iterate, the 
closer we will get to the actual root.

We ll define the frequency response of the 
filter as ), where  is the frequency of the 
signal applied at the filter input.1  In general, 
we don t attempt to derive the expression for 

). Rather we employ some form of analy-
sis routine that takes the input frequency, , 
applies it to the defined network, and calcu-
lates the gain (or loss) of that circuit (and pos-
sibly the phase delay as well) from the input 
to the output of that circuit — a filter in this 
case. This could be a nodal analysis routine. 
In our case it will be a simple ladder analysis 
routine, as the filter topology we ll be con-
sidering will be a ladder network. Although 
we may not have a definition for ), we do 
have a way to calculate ), which is all we 
need to put the ewton-Raphson method to 
work here.

Our goal is to use the ewton-Raphson 
method to drive the passband ripple to a spec-
ified level. ote the difference here from the 
simple optimization where the goal was to 
reduce the ripple to a maximum value in the 
passband. In our procedure we re setting the 
ripple maximums to a specified value. The 
end result will be the same, but this procedure 
carries more information along with it. In 
the case of a symmetrical filter, we are con-
cerned only with the maximum ripple points 
in the passband (more on this later) — these 
would be the ripples in the passband, the 
upper passband ripple cutoff frequency, and 
in the case of the unequal ripple filter, also 
the lower passband ripple cutoff frequency. 
We ll define these frequencies as the critical 
frequencies. In a symmetrical filter the num-
ber of critical frequencies is one more than 
half the number of elements. For example, if 
the filter has 7 elements, there will be 4 criti-
cal frequencies. For a true low-pass response 
this will be the three maximum ripple points 
in the passband, and the low-pass filter ripple 

cutoff frequency. Considering Equation 4, 
) is defined so that when the response of 
) drops by the specified ripple, , ) 

is zero, just what we need for the ewton-
Raphson method.

 
 Eq 4

Permit just a bit of sloppy discussion here. 
) and ) must both represent vector func-

tions. In particular, each function is defined 
at four frequencies, the critical frequencies 
defined above. It is at these four frequencies 
that we are seeking the roots, forcing the 
function ) to drop by the specified ripple 
amount. ote that both ) and ) are also 
functions of the element values in the filter. 
In fact, it is these element values that we are 
seeking to modify by employing the recur-
rence relation. If we want to be mathemati-
cally correct, Equation 4 should be written as 
shown in Equation 5.

 
 Eq 5

Here the variable  is understood to be a 
vector, the element values that we are opti-
mizing — in the case of this seven element 
symmetrical filter,  will consist of four 
independent values. While ) is a func-
tion of the frequency, we re actually dealing 
with a related function, ) here, that is 
not a function of frequency. That s because 
( ) returns the filter response at the critical 

frequencies, but doesn t care what those criti-
cal frequencies are. In the case of the ripple 
cutoff frequency, this frequency is a constant, 
not a variable. The ripple at this constant fre-
quency is a function of the element values. In 
the case of the ripples in the passband, ( ) 
returns the ripple maximum values, regard-
less of at what frequency they occur. The 
function ( ) says, “Given these element 
values,  what ripple does the filter deliver 
at the specified ripple points  I don t want to 
know anything about the frequency ”14 We 
need ) to determine this, but ( ) is blind 
to what these frequencies are. Given ( ), we 
can calculate the derivatives required in the 
recurrence relation by perturbing the element 
values and observing the effect on ( ).

ote that the definition of ripple that we 
are using is upside down. That is, the filter 
response ) drops by the ripple amount at 
the point where we say that the ripple has 
reached a maximum value of . While this 
would probably cause a mathematician to 
cringe, we ll just keep on referring to ripple 
and attenuation as positive values, realizing 
that they are actually negative values when 
evaluating ) or ( ).

This technique has been developed by S. 
. Cohn.15 etter yet, it s described in the 

book 
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, written by Djuradj udimir.16 
This technique uses the ewton-Raphson 
method to drive the passband ripple to a spec-
ified equal value ripple within the defined 
filter passband. The expression we defined in 
Equation 5 is a vector function, developing 
the signed deviation from the desired ripple 
goal at each maximum ripple point in the 
passband (including passband edges), and 
possibly the signed deviation from zero at the 
zeros of attenuation in the passband. We ll 
define the result, ), as the error function. 
The numerical result will be the error vector 
for the given element values. As in the solu-
tion for the square root, this error vector will 
approach zero as the element values converge 
on the correct values.

o i ter opo ogies
As mentioned above, we ll be evaluating 

the filter response at the maximum ripple 
points within the passband, and possibly the 
zero points as well. The question of when to 
evaluate the zeros of attenuation in the pass-
band involves the circuit topology. If the filter 
is symmetrical, we don t evaluate the zeros. 
If the filter is not symmetrical, we do evaluate 
the zeros. The reason is simple — as long as 
the filter remains symmetrical, the passband 
zeros will remain zero. ou can t have it any 
other way. And attempting to optimize them 
will result in an unsuccessful procedure. So 
then, we ll need two procedures for driv-
ing the filter response towards the desired 
response. One is designed for symmetrical 
filters, evaluating the passband response only 
at the maximum ripple points, and adjusting 
the elements in pairs (except for the center 

element). The other is designed for non-sym-
metrical filters  it looks at both the maximum 
ripple points, and the zeros of attenuation, 
and adjusts each element in the filter.

The immediate question raised by this 
division of labor is, “What filter parameters 
will result in a symmetrical filter ” The first 
requirement is that the order of the filter be 
odd. If the order is even, the topology isn t 
even symmetrical — if the first element is 
a shunt capacitor, the last element will be 
a series inductor. For our purposes we ll 
consider only filters with an odd number of 
elements. A second requirement is that the 
input and output impedances be equal. This 
would normally be the case in an RF filter, 
but a special case might occur where the 
filter is driven by a transistor. In this case we 
might want to design the filter with a speci-
fied load impedance, perhaps 50 , but the 
source impedance would approach infinity, 
because of the current source drive. A filter 
with unequal source and load impedances 
will not be symmetrical.

In some cases a finite stopband zero is 
created in the low-pass filter by placing a 
capacitor in shunt with the center inductor. 
This will not affect the symmetry of the filter. 
If a single stopband zero is associated with an 
element that is not in the center of the filter, 
however, that filter will not be symmetrical. 
For our purposes, any stopband zeros will be 
realized by placing a capacitor in shunt with 
one of the series inductors in the low-pass 
filter. In a three section low-pass filter this 
will be in shunt with the center inductor, and 
the filter remains symmetrical. If the filter 
has, for example, five sections, the center 
element is a shunt capacitor and symmetry 

cannot be maintained if a stopband zero is 
incorporated into an existing inductor in the 
design. If more than one stopband zero is 
incorporated, the filter will never be sym-
metrical. In summary, any of the following 
conditions will result in a non-symmetrical 
filter in our design.

1) The input and output impedances differ 
(designed for a current source at the input.)

2) There is a single zero in the stopband, 
and the center element is not an inductor.

) There are two or more zeros in the 
stopband.

Our procedure seems to be pretty straight 
forward. (Let s consider the symmetrical 
case here, and remember that the non-sym-
metrical case is a bit more complicated). We 
evaluate the filter response at the maximum 
ripple points to obtain our error vector — the 
signed deviation from the desired ripple goal 
at each of the critical frequencies. This is the 
error vector that will appear in the recurrence 
relation, equivalent to the numerator in the 
recurrence relation for the square root prob-
lem. We then perturb each of the element 
values, one at a time, to obtain new error 
vectors, used to calculate the partial deriva-
tives of the response at each of the maximum 
ripple points as each element is varied (more 
about this later.) This gives us a square matrix 
of partial derivatives that appears in the recur-
rence relation. The error vector and matrix of 
partial derivatives will allow us to calculate 
an improved approximation for the element 
values. It sounds simple enough — well, 
with enough programming. ut there is one 
immediate problem  in general, aside from 
the passband edges where the frequency of 
maximum ripple is defined by specification, 
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we don t know at what frequencies those rip-
ple maximums occur. In order to locate those 
ripple maximums, we first have to sweep the 
passband response of the filter. ut the ele-
ment values must then be close enough to 
assure that the passband ripples are present. 
It appears that we ve reached the proverbial 
catch 22 here — we can t synthesize the 
filter unless the ripples are present, and the 
ripples won t be present until the filter has 
been synthesized. The way we work around 
that problem is to first create a standard 
Chebyshev design, which achieves an equal 
ripple response in the passband. This estab-
lishes the ripples required for calculating the 
error vector and matrix of partial derivatives. 
We ll then modify the filter slowly, while 
maintaining the ripples in the passband by 
optimizing the element values with the recur-
rence relation.

a ing a C oser oo
Again, consider the symmetrical case. 

Let s say we want to design a seventh-order 
unequal-ripple low-pass filter for use on the 
40 meter band. We ll specify a passband of 
6.5 to 7.8 MHz, allowing an extra 500 kHz 
on either side of the band. And we d like 
to include a single stopband zero at twice 
the center frequency of the 40 meter band 
(14.  MHz) to aid in second harmonic rejec-
tion. We ll specify a maximum passband 
ripple of 0.01 d . The basis for the design 
will be a 0.01 d  Chebyshev low-pass filter 
with a ripple cutoff frequency of 7.8 MHz. 
The initial response of the Chebyshev design, 
shown in Figure 1, displays the desired 
passband ripple of 0.01 d , as requested, 
dropping below 0.01 d  at the specified pass-
band cutoff frequency of 7.8 MHz. The first 

thing we re going to do is to introduce the 
14.  MHz stopband zero, by placing a capac-
itor in parallel with the series inductor present 
in the center of this filter network. The value 
of the capacitor is calculated to provide a trap 
at 14.  MHz in conjunction with the inductor 
value dictated by the Chebyshev filter design. 
We don t have to perform those calculations  
we have computer code to accomplish this.

Attempting to incorporate the 14.  MHz 
zero by simply adding a capacitor across the 
center inductor has introduced an unaccept-
able degradation of the passband response, 
as displayed in Figure 2. Only the lowest fre-
quency ripple maximum is still visible in the 
passband plot. ut we need to maintain the 
ripples in order to calculate the error vector. 
The way we resolve this is to start pushing 
the zero frequency up by reducing the value 
of the shunt capacitor, while continuing to 
sweep the passband, until the ripple response 
is again acceptable. Figure  shows the pass-
band response with the stopband zero pushed 
out to 107 MHz. The ripple is only slightly 
perturbed by the presence of the zero. The 
program code will now sweep the passband 
response locating the four critical frequen-
cies — the three frequencies where the ripple 
reaches a maximum, along with the attenua-
tion at the specified ripple cutoff frequency 
of 7.8 MHz. The ripple goal (0.01 d ) will 
be subtracted from the filter response at these 
four frequencies to arrive at four components 
of the initial (unperturbed) error vector. As 
can be seen from the plot, the first two errors 
will be small, while the third ripple point 
and cutoff frequency errors will be larger. 
Since this is a symmetrical filter, the element 
values will now be perturbed in pairs. First 
the shunt input and output capacitors (C1 

and C7) will be perturbed, and another error 
vector will be formed with the perturbed ele-
ment values, allowing the calculation of the 
partial derivatives (in conjunction with the 
unperturbed error vector) at these four ripple 
points with respect to C1 and C7. ( ote that 
the frequencies of the ripples may change 
slightly — we re looking for the ripple 
peaks, and are not concerned with the exact 
frequencies, so long as the analysis is per-
formed at those peaks.) This procedure will 
then be repeated for L2 and L6, C  and C5, 
and finally with the value of L4 perturbed by 
itself. This will result in four error vectors 
with perturbed element values, allowing us to 
calculate 16 partial derivatives, consisting of 
the four ripple points with respect to each of 
the four perturbations. With these numerical 
results we can solve for the  values for the 
elements to arrive at a better approximation 
to the ripple goal.

After this first iteration the passband 
ripple response of the modified filter, with 
the zero inserted at 107 MHz should be vastly 
improved. ut we re not going to sit still and 
watch perfection arrive. The program will 
calculate the new element values, and then 
move that zero down a bit closer to the speci-
fied frequency, which will again increase the 
ripple error in the passband. The program has 
the goal of moving that zero frequency down, 
continuing to degrade the ripple response as 
fast as the iterations improve it. Eventually 
the zero will reach the specified frequency 
of 14.  MHz, and the element values will 
have been modified to maintain an accept-
able ripple performance. The resulting filter 
response is shown in Figure 4.

With the zero inserted into the filter, 
we need to start implementing the lower 
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passband ripple cutoff frequency. We ll be 
taking the first ripple in the passband and 
increase the ripple magnitude, which will 
also push this first ripple up in frequency, to 
establish a lower frequency ripple cutoff for 
the filter. The passband response given in 
Figure 5 shows that the first ripple maximum 
occurs near 1.8  MHz. This, then, is where 
the application will initially place the lower 
ripple cutoff frequency, where it has already 
reached the maximum ripple value. We ll 
then start pushing that cutoff frequency up, 
maintaining the ripple value at that cutoff 
frequency (which will in turn force the mag-
nitude of the first ripple to continue to grow), 
at the upper passband cutoff frequency, and 

at the two remaining ripple maximums in 
the passband. The same procedure will be 
followed, forming the unperturbed error 
vector, the four perturbed error vectors, and 
calculating the 16 partial derivatives to allow 
the program to improve the element values, 
while continuing to move this lower pass-
band cutoff up in frequency.

In Figure 6 we see the results of several 
iterations of pushing this lower cutoff fre-
quency up. The lower ripple has increased to 
just over 0.02 d , pushing the lower ripple 
cutoff frequency (where the first ripple level 
is equal to the specified ripple goal) to just 
over  MHz. The program will continue to 
move the lower cutoff frequency up, evalu-

ating the ripple error at the two passband 
ripple cutoff frequencies and the two ripple 
points, until the lower passband ripple cutoff 
frequency reaches 6.5 MHz. A few more 
iterations will achieve an acceptable ripple 
performance in the new filter passband. 
Eventually the desired filter response is 
achieved, as displayed in Figure 7.

he ons etri a  Case
If the filter is not symmetrical, the opti-

mization procedure becomes more compli-
cated. We not only evaluate the response at 
the maximum ripple points (including the 
passband limits), but also at each of the zeros 
of attenuation in the passband (minimum rip-
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ple points). If the filter is terminated in equal impedances on the two 
ends, the response at these zeros can never have a positive deviation, 
only a negative one (loss.) If the filter is synthesized with a current 
source at the input, the zeros of attenuation in the passband take on a 
somewhat different avor. The error function is still defined by how 
far these points deviate from zero, but in the case of a current source 
drive, the deviation can be of either sign. The response at the load can 
actually increase beyond the “zero” attenuation level defined by the 
response at dc, where the low-pass filter effectively disappears from 
the circuit. For each pass we have to sweep the filter response to locate 
the frequencies of both the ripple maximums and minimums. In this 
case, for a filter with n sections, we evaluate the filter response at 
n points, corresponding to the maximum and minimum ripple points, 
and optimize all element values, solving n equations in n unknowns. 
As we mentioned earlier, multiple zeros in the stopband will result 
in a filter that is nonsymmetrical. In this case we ll move all these 
stopband zeros up proportionally the same amount, until the passband 

ripple is acceptable, and then move them all back together, proportion-
ally again, while optimizing the element values, until they arrive at the 
specified frequencies. The process with the non-symmetrical filter is 
essentially the same as in the symmetrical case, but will take longer 
because of the increased number of variables (element values) and 
equations (critical frequencies.)

he e hani s
The first requirement for implementing the ewton-Raphson 

method for an iterative technique to synthesize the low-pass filter is 
the ability to evaluate the filter response as a function of frequency. We 
obtain our initial element values from a Chebyshev design with the 
same ripple and ripple cutoff frequency. The passband is then swept 
to locate the minimum and maximums of the filter response and the 
critical frequencies as we defined them earlier. A parabolic curve fit is 
used to improve our approximation of each critical frequency from the 
discreet points used in the analysis. The signed error from the desired 
ripple response is then calculated and saved at each of these critical 
frequencies as the error vector. These error vectors will be used in 
the recurrence relation, as well as to determine the partial derivatives.

Each of the elements to be varied (in pairs for the symmetrical fil-
ter, and individually for the nonsymmetrical filter) is then perturbed, 
and the process repeated, to determine the partial derivatives of the 
filter response at each critical frequency with respect to each ele-
ment varied. These are then combined to create the square matrix of 
partial derivatives, known as the acobian. The acobian is defined in 
Equation 6.

            Eq 6

where  is the filter response at the ith critical frequency, and  is 
the kth independent element value. We ll denote the acobian by the 
letter . The error vector (unperturbed) is denoted by the letter . We re 
looking for the correction vector — the  values for the elements, 
which we ll denote as . Once the error vector, , and the acobian, 
, are formed, we need to find a solution for  in the matrix equation 

shown in Equation 7. 

            Eq 7

It s not quite as simple as the scalar case used to approximate the 
square root. The most obvious path would be to find the inverse of the 
acobian matrix, and post multiply by  to obtain the  vector, but that 

makes the calculation more difficult than is required. A more efficient 
technique is to solve for the  vector using Gaussian elimination with 
back substitution.17 The  vector is then added to a vector of the ele-
ment values being optimized, to obtain an improved approximation to 
the desired filter response. Move the zero frequencies in the stopband 
down a bit, or raise the lower passband cutoff frequency a bit, and do 
it all over again until we arrive at the desired characteristics, and an 
acceptable ripple in the passband.

A est ehi e
All this sounds great in theory, but does it work  In order to answer 

that question I developed a program to perform this optimization 
using the ewton-Raphson method. The installation files and com-
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plete documentation for  are available for 
download at the ARRL Q  files website.18 The program starts with 
a Chebyshev filter, and then performs optimization to incorporate 
stopband zeros, and then a second optimization procedure to move 
the lower passband ripple cutoff frequency up.

Figure 8 shows the user interface for this program. There are edit 
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boxes for the lower passband ripple cutoff frequency (Fmin), upper 
passband ripple cutoff frequency (Fmax), and passband ripple. The 
Ripple can also be specified in terms of the minimum return loss 
(Return), or maximum SWR ( SWR). The user can also specify 
the filter order, the load impedance (which is defaulted to 50  here), 
and whether the source impedance is matched to the load impedance, 
or alternatively, the filter can be designed to be driven by a current 
source. At the bottom of the user interface is an area for entering 
finite stopband zeros. Pressing the “Elliptic” button will set the lower 
passband ripple cutoff frequency to zero, and insert the correct zero 
frequencies for an Elliptic response into the Transmission Zeros list. 

As an example, we can set Fmax to 10 MHz and press the Elliptic 
button. The program will respond by opening a dialog requesting the 
minimum stopband frequency for the elliptic function filter, as shown 
in Figure . Entering a value of 12 MHz, and pressing the O  but-
ton will insert the correct zero frequencies to obtain an Elliptic filter 
response with a ripple cutoff frequency of 10 MHz, and a minimum 
stopband frequency of 12 MHz, as shown in Figure 10. Selecting the 
Calculate  Response menu item will then begin the optimization pro-
cess with zeros as defined for an Elliptic response. During the optimi-
zation procedure, the caption bar displays the progress of moving the 
zeros down to the desired frequency. After completing the optimiza-
tion, the filter response is displayed in Figure 11.

As another example, design an unequal ripple filter with a lower 
passband frequency of 6.5  MHz, and an upper passband frequency 
of 8 MHz. We ve increased the number of sections to 7, and included 
passband zeros at 14 MHz and 14.6 MHz to improve the second har-
monic rejection. We ve also reduced the passband ripple to 0.01 d , 
as displayed in Figure 12. This synthesis takes a bit longer, and 
runs through two cycles. First the two stopband zeros are brought 
down to frequency, then the lower passband frequency is moved up 
until it reaches 6.5 MHz. The resultant response is then plotted in 
Figure 1 . The desired passband response has been achieved, and 
the two zeros have brought the second harmonic rejection beyond 
100 d . Of course, seeing the response plotted doesn t mean a lot 
if we can t look at the element values. Selecting the Edit  Elements 
menu item on the response plot will bring up a window displaying 
the final element values, as shown in Figure 14. otice that default 
values of 1 million have been added for the inductor Qs. This has 
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been done to prevent math errors that may 
occur when plotting the response through the 
stopband zeros. Alternatively you can enter 
realistic Qs for the inductors (capacitor Qs 
cannot be defined) to plot a more realistic 
filter response. y double clicking on any of 
the inductor elements, the Q entries can be 
changed. For illustration, we ll insert values 
of 200 for each of the inductors. Then by 
selecting the Plot  Amplitude menu item 
on this element list window we can plot the 
filter response with the degraded inductor 
Qs. Selecting the Configure  Passband menu 
item on the plot window will zoom in on 
the defined filter passband, as displayed in 
Figure 15.

The new plot shows that the filter loss 
reaches almost 0.2 d  at the upper end of 
the 40 meter band, with inductor Qs of 200. 
Along with the Q values, the element val-
ues can also be changed, allowing a filter 
response to be plotted with different ele-
ment values. For example, you can enter the 
nearest standard value for the capacitors and 
re-plot the response to see how much degra-
dation occurs by moving to a standard value. 

ou can also “tweak” the inductor values to 
compensate for the standard values assigned 
to the capacitors.

Other ho ghts
This test application is not written as effi-

ciently as it could be. In particular, each time 
an error vector is calculated, the application 
sweeps the passband until the final ripple 
maximum is located. Since the frequencies 

associated with the ripple maximums do not 
vary significantly as the element values are 
perturbed, or even between successive itera-
tions, this is clearly inefficient. If the appli-
cation kept track of the frequencies it could 
reduce the number of points swept in each 
iteration. As the zeros are moved down in 
frequency, and as the lower passband ripple 
cutoff frequency is moved up in frequency, 
the step size is adjusted in order to maintain 
stability — that is to ensure that the passband 
ripples are not excessively degraded between 
cycles. o attempt has been made to opti-
mize the speed at which these frequencies 
are adjusted. 

It would also be tempting to modify the 
code so that optimization could proceed with 
fixed capacitor values — standard values. 
This would require a reconsideration of the 
error function. With fixed capacitor values, 
we no longer have the same number of 
variables as components in the error vector. 
With the three-element symmetrical filter 
for example, if we fix the two capacitors, we 
have only one variable — the inductor value. 
We can no longer force the two ripple points 
to a specified ripple value. We could, how-
ever, force the two ripple points to be equal in 
value, which now reduces our error function 
to one component, making the ripples equal. 
We could then solve for one variable with one 
equation. How this would be resolved in the 
higher order filters has not been considered.

Con sion
The optimization technique proposed by 
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Cohn, and developed by udimir does work, 
as verified by this test application. It s not 
particularly fast, but it does allow the user 
to specify an unequal ripple filter design, 
along with finite stopband zeros, and arrive 
at the correct element values to realize that 
response. The process is conceptually much 
simpler than extracting element values from 
the response, and the iterative procedure 
assures that errors will not accumulate. In 
the test application the filter can be realized 
with either a matched source impedance, or 
with a current source at the filter input. While 
this particular application is designed around 
a low-pass filter topology, the technique 
would be equally applicable to a bandpass 
topology, so long as the application has the 
capability to analyze the filter performance 
as a function of frequency. A result of this 
investigation has been the development of an 
application that should be useful in the design 
of equal and unequal ripple low-pass filters, 
with or without zeros in the stopband.
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Analyzers
New low-cost 
RigExpert AA-30 
and AA-54 are 
powerful 
antenna 
analyzers 
designed for 
testing, check-
ing, tuning or 
repairing 
antennas and 
antenna 
feedlines.

NEW!

NEW!

NEW!
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Transmission and Reception 
of Longitudinally-Polarized 

Momentum Waves  
This introduction to vector potential radiation describes the verification 
of an alternative form of radiation predicted by James Clerk Maxwell’s 

famous equations of electromagnetic radiation.

The world has been communicating with 
transverse electromagnetic ( M) radio 
waves for more than one-hundred years. 
These are the waves known to radio ama-
teurs, with the electric field,  perpendicular 
to the magnetic field, , and both fields per-
pendicular to the direction of propagation.

Research at McMaster niversity in 
Hamilton, Ontario has recently documented 
a new type of radiation, called vector poten-
tial ( P) radiation, which shares some simi-
larities with TEM radiation, but is distinct in 
many ways

1. oth TEM radio waves and P waves 
were predicted by ames Clerk Maxwell.

2. oth waves travel at the speed of light.
. oth waves are emitted by a current-

carrying wire.
4. oth wave amplitudes diminish with 

range as 1 Range.
There the similarities end
1. P waves are longitudinal waves, 

much like sound waves.
2. P waves carry no energy (The ulti-

mate QRP). P waves are carried by “vir-
tual photons” rather than the real photons of 
radio waves.

. P waves carry only linear momen-
tum. In fact, Maxwell s term for P waves 
was “electro-kinetic momentum.” 

4. P waves cannot be received with 
metallic antennas. For this reason, they 
have remained a mystery since Maxwell 
described them.

5. Since P waves cannot be received 
with normal metallic antennas, they are in 
a fundamental way covert in nature. It is 

expected that one of the first uses of P 
communication will be for the military, in 
as much as transmissions cannot be easily 
intercepted. 

In the years ahead, radio amateurs may 
play an important role in learning more 
about P radiation. This article may serve 
as a primer.

asi  Chara teristi s
P waves are emitted by all current car-

rying wires, in direct proportion with the 
current amplitude along the wire, and the 
length of the wire in wavelengths. In fact, 
a normal half-wave dipole emits P waves 
along with the usual TEM radio waves. 
The vector potential (called  in graduate 
electromagnetic texts), however, 

. This stands at odds with  and  
fields, which tend to fold around a radiating 
wire. Most importantly, the vector potential 
exists , where 
there is no radiated  or  field. This makes 
the region off the ends of a dipole of special 
interest, as  exists in the absence of  or 

 fields. In this region, the vector potential 
is polarized entirely longitudinally  in other 
words, in the direction of propagation.

These P waves carry mechanical 
momentum. Free electrons oscillate remark-
ably well when they are exposed to a P 
wave. How can we convert the P wave 
back into an RF signal, though  Fortunately, 
this problem has now been solved  The 
solution is to use a uorescent tube (with 
electronic “plasma” inside) which is folded 

in the shape of the letter . These tubes are 
usually sold at the hardware store for about 
6.00, for use in camping lanterns. Figure 1 

schematically shows such a  tube aligned 
with a P wave coming from the left side 
of the drawing. The P wave travels the 
length of the tube, and causes an RF current 
to travel down the tube structure, similar to a 
parallel transmission line. When the RF cur-
rent reaches the tube terminals (at the end of 
the tube), this current continues onward into 
a coaxial cable attached to the terminals and 
on to a radio receiver.

o ent  Co p ing
The  vector potential will couple linear 

momentum to free-electrons in its path. This 
is the basis for the detection of P waves, 
and is called the Aharonov- ohm Effect. 
(To learn more about the Aharonov- ohm 
Effect, do a Google search on the term.) 
Electrons in copper and other metals can 
never move at velocities greater than about 
 mm s because of crystalline lattice scat-

tering, which becomes dominant at that 
velocity. This is entirely too slow to couple 
to vector potential radiation.

Free electrons in plasmas can easily 
travel at “drift velocities” of tens of kilo-
meters per second. This makes plasma 
antennas a good match for vector potential 
wave reception. As an example, the vector 
potential near a half-wave dipole carrying a 
10 mA rms current is about 10  webers m 
(SI units). In a well designed plasma detector 
tube, momentum coupling for this potential 
(if the tube is aligned with ) will yield a 
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free electron velocity of ±20 m s. Obviously, 
the sluggish electrons in copper cannot be 
expected to couple to this — metallic receiv-
ing antennas are out.

Figure 1 demonstrates the desired geom-
etry for vector potential coupling momentum 
to a -shaped plasma tube, and describes 
how RF current is developed in the tube 
terminals.

A rans itting Antenna or 
 

This section describes the construction 
of a P transmitting antenna for 12 6 MHz. 
Since a transmitting dipole in free space will 
emit a large TEM RF signal, we house the 
transmitting element inside a circular wave-
guide to prevent radiation of TEM power. 
This shielding stops emission of TEM RF 
power while allowing the transmission of 

P radiation through an open-ended guide. 
The circular waveguide shown in Figure 2 
operates in the transverse magnetic TM01 
longitudinal mode. The fields inside such cir-
cular guide are shown in Figure . The cutoff 
wavelength for this mode is 2.61  times the 
radius of the guide. Accordingly, a 7 inch 
diameter galvanized stovepipe (diameter  
17.78 cm) provides a cutoff wavelength of 

cut  (17.78 2)  2.61   2 .2  cm, which is 
a frequency of 12 1 MHz.

To get maximum current on the wave-
guide probe (and hence maximum radiated 
vector potential amplitude) from a given 
transmitter, the probe should provide an 
impedance of zero ohms at the coaxial drive 
port. (Remember, we do not wish to radiate 
RF power anyway.) To get zero ohms at the 
drive port, with the other end of the guide as 
an “open circuit” for the TM01 mode, requires 
that the guide be a quarter wavelength overall 
from the open port to the coaxial port. For 
this 7 inch guide, the guide wavelength at 
12 6 MHz ( 0  2 .148 cm) is  

Accordingly, the waveguide should be 
6  cm in length to yield a quarter-wave-
length. The coaxial probe should also be 
this length. It is important to keep the probe 
longitudinally centered in the waveguide. 
For this a Styrofoam strut may be used inside 
the guide.

Zero ohms will yield an infinite SWR on 
the coaxial cable leading to the transmitter. 
To prevent transmitter damage, use a  d  
attenuator pad on the coaxial connection to 
the waveguide. (Of course, a circulator may 
also be used with a load on the third port.) A 
 d  pad will provide a return loss of 6 d  

for an SWR of , which should be adequate 
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p as a t e sho n at an instant in ti e  he po arit  o  A is onstant  os i ating at the 
re en  o  the trans itting antenna, f  he e e tron  rrent in the t e, pro i e   the 
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ie s a o ent  in re ent an  a e eration  to the e t as sho n  i e ise, in the otto  
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ig re   he ongit ina  e s insi e a 0  o e ir ar a eg i e are i strate  here  
he ra ing is ro   ar it , Waveguide Handbook,  a iation a orator  Series, o  

0, pg , ra i , 5

protection for most Amateur Radio transmit-
ters. e sure to use a pad rated at the full 
transmitter power.

To prevent minor off-axis TEM radiation, 
a “choke collar” may be used at the open 

end of the guide. The length of the choke 
should be 2 .148  4  5.8 cm. This addition, 
although not strictly essential, will prevent 
currents on the inside of the waveguide from 
“folding around” the open end and radiating.
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A e ei ing Antenna or  
The receiving plasma detector is made 

from a compact mercury-vapor uorescent 
tube as found in camping lanterns. The uo-
rescent lamp is mounted inside the 7 inch 
diameter waveguide, as shown in Figure 4. 
At McMaster niversity, we use commercial 
waveguide with anges  the uorescent tube 
mounted on its ange is shown in Figure 5.

The -shaped folded lamp, when ionized 
with direct current, provides a parallel trans-
mission line with a characteristic impedance 
of 50  a perfect match to the 50  coaxial 
cable. When the longitudinal P wave enters 
the waveguide, it couples a travelling wave 
onto the tube due to the Aharonov- ohm 
effect. One leg of the tube is connected to the 
coaxial center conductor, while the remain-
ing leg is grounded. (A balun could be used 
here, but the benefits are minor.)

The tube is operated at 200 mA dc current 
from a high voltage current-regulated power 
supply coupled to the coaxial line with a bias 
T. My power supply would not hold the cur-
rent constant until I put a 10 W 120  resistor 
in series with the power supply. (Without the 
resistor, the tube ashed at a 1 Hz rate.) It is 
important to use a linear supply to keep bias 
current noise to a minimum.

The negative lead of the power supply 
should be connected to the coaxial cen-
ter lead. About 400  dc is momentarily 
required to ionize the fluorescent tube. 
My power supply is limited to 200  dc. 
Accordingly, I went to Home Depot and 
purchased a battery operated fluorescent 
lamp for use in a closet. I wired the trans-
former output of this battery operated supply 
in series with the main power supply. y 
momentarily energizing the battery operated 
supply with a push button, the uorescent 
tube will ionize, and then the direct current is 
regulated by the main supply and the 120  
resistor. ote that the battery operated supply 
produces 500  ac at 50 kHz. e sure your 
bias T can momentarily support this large 
voltage or you will burn out your receiver 
front end.

ias  esign
A suitable ias T for use here is very 

costly if purchased commercially. Most of 
these bias Ts will not withstand the momen-
tary 500  used to ignite the uorescent tube. 
This means you probably have to build your 
own. Figure 6 shows the location of the bias 
T in the receiver setup. Figure 7 presents 
a design based on a quarter-wave stub at 
12 6 MHz. In free-space, a quarter wave-
length is 5.8 cm at this frequency. If built on 
microstrip with Te on substrate (dielectric 
constant  2.1) the stub should be 4.0 cm in 
length.

ig re   he re ei ing a eg i e antenna or  ra iation at   ses a a ping 
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There are two 1000 pF capacitors in the 
design  one to block dc from the receiver line, 
and one to bypass the “cold-end” of the stub. 
In order to withstand the high dc voltage, 
these capacitors should have Te on dielec-
tric  for best RF performance, the capacitors 
should be single layer. If 0.010 inch thick 
Te on film is used, a 1 square cm capacitor 
will yield  7 0 pF, which is sufficient for 
the design1.

Operating
The open-ended waveguides have an 

on-axis gain for P radiation of about 
 d i. (Additionally, there is an on-axis null 

for TEM radiation from the TM01 guide.) 
With a 1 W FM handheld transmitter, and 
a  d  pad, this will provide for a range of 
500 meters over a clear path. For further 
range, you may use more drive power to yield 
more probe current. Alternatively, if you like 
sheet-metal work as I do, you can build a 
horn antenna for the transmitter and receiver. 
Figure 8 shows the 20 d i horn I built for 
the receiver, which permitted a solid link at 
1500 meters. If you use such horns at both 
the transmitter and receiver, a link range of 
10 kilometers should be realized. FM is not 
the only mode possible — SS  or CW are 
certainly fine as well. Figure  shows Sherry 
Goeller, E DC , operating the transmit-
ting station on the 1500 meter link. Figure 10 
is a photo of the author at the receiving site.

S ar
Fundamental advances in electromagnet-

ics have yielded a new means of commu-
nication that small-signal microwave hams 
will find of interest  these waves are electro-
mechanical in nature and carry no energy. 
Perhaps someday radio and television broad-
casts will be transmitted without energy  

ote that vector potential radiation requires 
radio frequency current into zero ohms, 
rather than RF power itself. This means that 
an intense P wave may be transmitted with-
out much (or any) RF power. Maybe distant 
civilizations are communicating with such 
waves right now

There are no international regulations 
governing transmission of P momentum 
radiation. It is prudent to operate within 
Amateur Radio allocated frequency bands 
and identify your station by call sign, how-
ever.

This work has been funded for 5 years 
by Dr. atalia . ikolova of the Electrical 
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ig re   he 0 i gain oni a  horn i t or the re ei ing ete tor is sho n here

1McMaster-Carr industrial supply house sells 
0.010 inch Teflon sheet. Digi-Key Inc. sells 
adhesive copper foil. These materials may 
be used to construct the two capacitors. 
Use no more than a 25 W soldering iron 
when connecting the capacitors in the bias 
T circuit.
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Engineering and Computer Department at 
McMaster niversity, Hamilton, Ontario, 
Canada, to whom the author is most grateful.

This report is based on the scientific 
paper  

, Modern 
Physics Letters , ol 25, o. , April 2011, 
pp 64 -662. PDF reprints are available from 
the author.
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Extended andwidth Crystal 
Ladder Filters With Almost 

Symmetrical Responses
Learn about the design of a class of crystal filters capable of providing wider 

bandwidths and more symmetrical responses than conventional crystal 
ladder filters, while still retaining much of the inherit simplicity.

The Dishal LS  form of ladder filter, 
shown in Figure 1, is a very simple and con-
venient configuration for producing a crystal 
filter with exceptional ultimate attenuation 
and an excellent shape factor when the order 
is high and the bandwidth narrow, but for 
low orders and wide bandwidths the filter 
response becomes very asymmetric and the 
close-in attenuation on the low frequency 
side is quite poor. This is well illustrated 
by the response of a 4 pole, 5 MHz, 1 d -
ripple Chebyshev LS  crystal ladder filter 
with a bandwidth of 5 kHz, which is indi-
cated by the solid black curve in Figure 2. 
The parallel resonance caused by the static 
capacitance ( ) produces a null above the 
passband for each crystal in the filter, and 
this gives quite a good rate of attenuation on 
the high side of the response at the expense 
of quite a bit of degradation on the low side. 
The more symmetrical dashed curve shows 
how the response would look if  didn t 
exist. The interval between the crystal series 
resonance and the parallel resonance due to 

 is known as the pole-zero (PZ) spacing, 
and depends on the crystal frequency as well 
as the ratio of the motional capacitance, , 
to . It limits the maximum bandwidth that 
is achievable with a standard crystal lad-
der filter at any frequency. The PZ spacing 
for AT-cut fundamental crystals can be less 
than 2 kHz at 1 MHz, but gets progressively 
wider as the crystal frequency increases, to 
the point where fundamental operation gives 
way to overtone. It then gets quite restricted 
again because the motional capacitance of a 
crystal in one of its overtone modes is very 
much smaller than it is at the fundamental 
resonance, yet the value of  remains the 
same. This switch to overtone operation is 
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determined by production yield, and usually 
occurs above 25 MHz. Thinner fundamental 
crystals can be made, but the technology and 
expertise of individual crystal manufactur-
ers varies and so do the decisions they make 

about what constitutes an economical yield.
Crystals for the same frequency made by 

different manufacturers can also vary widely 
in their PZ spacing. For example, some 
6 MHz HC-4  crystals obtained by the 
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author from one manufacturer had a PZ spac-
ing of around 8 kHz with a motional capaci-
tance, ,  0.008 pF, while those from 
another had a PZ spacing of over 17 kHz with 

  0.022 pF. Generally, those crystals with 
a higher value of  at any given frequency 
will have a greater PZ spacing because the 
stray capacitance in the leads, mounting and 
base are a smaller proportion of the total 
parallel static capacitance of the crystal. 
Low-profile and surface-mount crystals tend 
to have smaller values of  than the larger 
HC-4 , HC-18  and HC-25  types, 
though  can vary somewhat from manu-
facturer to manufacturer even with these. 

Wide or extended bandwidths might 
be considered to be anything from slightly 
above 0.  to more than 0.4 of the PZ spacing 
for crystal ladder filters. The presence of  
is responsible for the disproportionate reduc-
tion in the value of the coupling capacitors 
required to achieve bandwidths that are an 
ever greater proportion of the PZ spacing. 
The ultimate attenuation well away from 
the passband depends on both the ratio of 

 to the coupling capacitor values and the 
number of stages (crystals) used in the filter. 
Consequently, the ultimate attenuation of a 
Dishal LS  crystal ladder filter decreases 
as the bandwidth is increased or the order 
reduced. How wide a simple low-order 
Dishal LS  crystal ladder filter can be made 
is heavily dependent on how poor a response 
can be tolerated. Dishal LS  ladder filters 
with bandwidths of over 0.6 PZ can be pro-
duced, but their ultimate attenuation might be 
considered far too low and the asymmetry of 
their response so poor that they are not worth 
using in practice. Extra LC tuned circuits 
in the IF stages can help improve the ulti-
mate attenuation, but the only way to tackle 
asymmetry and poor close-in attenuation is 
to change the order, or the configuration of 
the filter.

estoring S etr
Fortunately, there are two relatively 

simple hybrid forms of the crystal ladder 
filter that can provide almost symmetrical 
responses, and slightly wider bandwidths 
than the standard Dishal LS  form for the 
same maximum value of coupling capacitor. 
These hybrid forms, which are illustrated in 
Figures  and 4, can be used with any num-
ber of poles, but filters with 4, 5 or 6 poles 
benefit the most from them. The inductor 
across each end crystal in Figure  could be 
used solely to cancel out , but that would 
still leave some asymmetry because of the 
nulls just above the passband caused by the 
uncompensated  of the two inner crystals. 
Crystals compensated by parallel inductors 
still produce nulls, but they are spaced well 
away from the passband and have little effect 

on the close-in response unless their L C ratio 
is very low. The spacing of these nulls from 
the crystal frequency for the case where  is 
tuned to the same frequency can be predicted 
by Equation 1.

 Eq 1  
where  

 is the motional capacitance of the crystal, 
 is  the total  capacitance across 

the crystal, which includes  and any 
additional capacitance used for tuning 
or the self-capacitance of the coil, and  

 is the resonant frequency of the crystal. 
Smaller values of inductance than that 

required to tune  to resonance at the crys-
tal frequency cause the null on the low side 
of the passband to move closer and the one 
above it to move further away. If the value 
of the parallel inductor is chosen carefully, 
a couple of nulls on the low side can be 
produced by the end crystals to even up the 
response of a simple 4-pole ladder filter built 
according to the circuit in Figure . This 
usually requires a value of around 0.5 to 
0.6 , where  is the value of inductance 
required for parallel resonance at the crystal 
frequency. The main disadvantage of this 
form of hybrid ladder filter is the fact that 
the end sections degenerate to a low-pass 
form at lower frequencies, and compromise 
the overall ultimate attenuation. The fact that 
only the two end crystals are affected by this 

degenerative behavior does mean that the 
loss of ultimate attenuation is less important 
as the order of the filter increases and more 
ultimate attenuation is accrued.

In Figure 4, the end crystals are incor-
porated into half-lattice sections with 1 1 
transformers and interfaced to the rest of the 
ladder filter by the correct choice of S , S , 

 and . In order to create suitably spaced 
nulls on the low side of the passband, the 
neutralizing capacitors, , are made larger 
than that required to just compensate for . 

alues of  between 2 and  times  usu-
ally provide adequate symmetry. ecause 

 is fed with an anti-phase signal at the 
input, it contributes approximately 2  to the 
coupling between the end crystals and the 
adjacent inner crystals. Therefore, the value 
of the coupling capacitors used for  and 

 in a 4-pole ladder filter with half-lattice 
end sections needs to be reduced by 2  to 
allow for this. Obviously, the value of  
can never be less than 2 , so this creates 
an upper limit to the bandwidth that can be 
achieved with this form of modified ladder 
filter. The hybrid ladder filter with half-lattice 
end sections is by far the best configuration 
as far as ultimate attenuation and a clean 
response is concerned, but using these is 
only convenient if matching transformers are 
a natural requirement of the design anyway. 
Ratios other than 1 1 can be used for the end 
transformers, of course, but any changes here 
must be taken in to account when a suitable 
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value is chosen for . 
oth of these forms of hybrid ladder filter 

cause the effective motional parameters of 
the end crystals to be different from those of 
the inner crystals, and interfacing the end sec-
tions to the inner part of the filter to produce a 
particular desired response requires a knowl-
edge of how the different circuit topologies 
affect the behavior of the crystals.

e t o  ara e  ea tan e on 
Cr sta  eha ior

In addition to creating a transmission zero 
at the anti-resonant frequency (parallel reso-
nance),  also causes the effective motional 
capacitance and inductance of each crystal 
to vary within the PZ interval between its 
resonant and anti-resonant frequencies. This 
is the reason why the termination resistance 
and coupling capacitor values of conven-
tional Dishal crystal ladder filters do not vary 
linearly with bandwidth. They would if  
didn t exist. The effect of  can be cancelled 
around the series resonance of the crystal by 
tuning it out with a parallel inductor of the 
right value ( ). The standard  and  figures 
can then be used to calculate the termina-
tion resistance and coupling capacitor values 
using the actual measured motional induc-
tance and capacitance of the crystals directly 
without any modification. Doing this for a 
5 kHz, 1 d -ripple ladder filter using per-
fect lossless 5 MHz crystals, each with their 
static capacitance, , tuned to resonance 
at 5 MHz by a parallel inductor, produces 
the design shown in Figure 5. Compare the 
termination and coupling values of this fil-
ter with the one in Figure 6 using identical 
crystals, where the effect of  has not been 
cancelled. oth these designs exhibit perfect 
Chebyshev passband responses with 1 d  
of ripple, and have the same bandwidth. It 
can be seen from the increased value of the 
termination resistance in Figure 6 that the 
effective motional inductance of these crys-
tals with uncompensated static capacitance is 
1.88 times that of the compensated crystals. 
Also, the coupling capacitor values indicate 
that the effective motional capacitance of the 
crystals is smaller than the actual measured 
value by 0.5 2 (the reciprocal of 1.88). 

A third 1 d  Chebyshev design with four 
transmission zeroes created on the low-fre-
quency side of the filter response by using a 
smaller value of parallel inductance (0.55 ) 
across each of the crystals is shown in 
Figure 7. This over compensates for the effect 
of  and produces a null on the low side of 
resonance, separated from it by about the 
same interval as the anti-resonant frequency 
due to  would have been above it. In this 
case, the termination resistance for the same 
bandwidth and response is lower than that 
of the filter made with compensated crystals 

shown in Figure 5, re ecting a lower effec-
tive motional inductance, and the coupling 
capacitor values are larger, re ecting a higher 
effective value of motional capacitance for 
crystals with remnant parallel inductance.

When all crystals in a ladder filter have 
the same effective motional inductance and 
capacitance, the standard  and  figures 
can be used to calculate the termination 
resistance and coupling capacitor values 
with these effective motional parameter val-
ues. When crystals with different kinds of 
parallel reactance are combined in hybrid 
designs, however, the end crystals have a 
lower effective motional inductance than 
the inner crystals, and only approximations 
to the equal-ripple Chebyshev response can 
be achieved in practice. This is really only 
an academic point because component tol-

erances and crystal losses cause deviations 
from the ideal Chebyshev response anyway. 
In fact, since these ideal responses are always 
compromised in practice, it can be benefi-
cial to use unequal-ripple filter designs that 
produce lower ripple in the outer regions of 
the passband to achieve a broader and atter 
response after the effects of crystal loss and 
component tolerances have been taken into 
account. This is a similar idea to the quasi-
equiripple (QER) type of filter described 
in the 2011 ,1 but instead 
of just equalizing the major valleys of an 
unequal-ripple response, any other conve-
nient unequal-ripple form that provides a 
wider, atter passband is considered accept-
able as well.

1Notes appear on page 44.
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e ti e otiona  Capa itan e
The way in which the effective motional 

capacitance, , of a crystal varies with
frequency for the case where  provides
the only parallel reactance is shown in 
Figure 8. In this graph, the ratio of the 
effective motional capacitance, , to the 
measured value, , is plotted against the 

 d  bandwidth of the filter normalized 
in terms of the PZ spacing. This is done 
for design convenience and to make it uni-
versally applicable. It allows the effective 
motional capacitance of the inner crystals to 
be estimated for any hybrid design up to a 
bandwidth limit of 0.4 PZ. Extrapolation can 
be used for greater bandwidths if only rough 
estimates are sufficient.

Figure  indicates the effective motional 
capacitance versus the normalized band-
width for crystals in half-lattice end sections 
or with 0.55  parallel inductors. In the 
case of the former, the anti-phase signal fed 
through  makes it appear like a parallel 
inductor. When  is larger than the value of 

, the effective motional capacitance of the 
crystal increases, just as it does for values of 
parallel inductance that are less than . At 
any bandwidth the effective motional capaci-
tance for values of  between 2  and  
can be found by linear interpolation between 
the two curves in Figure .

Also included on the same graph is 
a curve for the variation of the effective 
motional capacitance with a parallel induc-
tor of 0.55  (   188). Here      and 
188 is about the lowest ratio that is likely to 
be found in practice. Generally, because of 
the self-capacitance of the parallel inductor, 
this ratio will be greater, and usually comes 
out nearer 260. The L C ratio of the parallel 
inductor and capacitor has an effect on both 
the position of the nulls and the value of the 
effective motional parameters. The     
curve for half-lattice end sections also works 
quite well for parallel inductors of 0.55  
when they have a    ratio of around 00, 
so it can be used as the other limit for inter-
polation between   188 and   00 at any 
value of normalized bandwidth.

esigning a ipp e ri  
i ters

Approximations to the equal-ripple 
Chebyshev response can be achieved using 
either of the 4-pole hybrid crystal ladder filter 
circuits presented in Figures  and 4. First, 
however, the normalized bandwidth must 
be determined. The PZ spacing between the 
resonant and anti-resonant frequencies is 
given by

PZ     (2 ) Eq 2
When calculating the true PZ spac-

ing, allowances must be made for the stray 
capacitance between the electrodes and the 
case, which no longer contributes to  if the 
crystal metal case is grounded. If PZ is mea-
sured, allowances must be made for both  
and the measurement jig stray capacitance. 
Once the bandwidth has been established in 
terms of the true PZ spacing, the graphs in 
Figures 8 and  can be used to determine the 

effective motional capacitance that should 
be used for the inner and outer crystals, and 
the coupling between them can be calculated 
from

     (   )   (   )
 Eq  

Where  
 and  are the effective motional
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capacitances of the end and inner crys-
tals, respectively   is the center fre-
quency of the filter and W   is the  d  
bandwidth. 

sually, the exact center frequency is not 
known at this stage in the design process, 
and it s often more convenient to use the 
frequency marked on the crystals, instead, 
because the difference is usually negligible. 
The calculation of the termination resistance 
also needs to take into account the reduced 
motional inductance of the end crystals. The 
ratio of the effective motional inductance to 
measured motional inductance at any band-
width is the reciprocal of the number given 
for    in Figure . The standard  and 
 figures for Chebyshev designs can then be 

used with the effective values of motional 
inductance and capacitance to calculate 
rough values for the filter components. The 
design can then be optimized using a circuit 
analysis program to find the precise values 
required for an equal-ripple response.

An approximation to a 0.  d  Chebyshev 
design for the first type of hybrid ladder filter 
using standard 6.144 MHz crystals is pre-
sented in Figure 10. The crystals 1 thru 4 
have   0.021 1 pF,   1.50  mH and 

  .8 pF with their cases grounded — this 
removes   2 from , and adds 2  
to the coupling capacitance. The filter has a 

 d  bandwidth of 5.76 kHz and the effec-
tive motional inductance of the end crystals 
is about 0.71 of the measured value. ote 
the relative values of  and . ormally, 

 would be smaller than  in a conven-
tional Dishal LS  design with a Chebyshev 
response. In this case, however, it s the other 
way around, and the apparent anomaly 
comes about because  is more than twice 

 at this bandwidth, and  is worked 
out using the geometric mean of the two, 
whereas  is between the two inner crystals 
and its calculation is based solely on . 
Figure 11 shows a plot of this hybrid crystal 
ladder filter, which looks quite acceptable 
within 200 kHz of the center frequency. The 
end sections degenerate into low-pass filters, 
however, at lower frequencies, and com-
promise the ultimate attenuation. As can be 
seen in the wider plot of this filter shown in 
Figure 12, there is a broad peak centered on 
about .  MHz, which rises to 2 .5 d  down 
on the passband level.

An example of an equal-ripple design 
using the second form of hybrid ladder cir-
cuit is presented in Figure 1 . This is an 
approximation to a 0.2 d  Chebyshev design 
and has a bandwidth of around 6 kHz. It 
uses the same type of 6.144 MHz crystals as 
the previous design. The effective motional 
inductance of the end sections is closer to 
0.77  in this case, and the design value of 

 is, therefore, slightly smaller at 2 .8 pF. 

The actual value of  (and ) used in 
the circuit has been reduced by 16.4 pF to 
allow for the contribution from 2 . This 
design has a stop-band attenuation of over 
65 d  and a 6 60 d  shape factor of around 
. Theoretically, a 0.2 d  Chebyshev design 

without any added transmission zeroes 
would have a shape factor of around 4, but in 

practice the degradation caused by the pres-
ence of  in a standard 4-pole Dishal LS  
ladder filter of the same bandwidth produces 
such a slow tail-off on the low side that a 
measurement of the response width at the 
60 d  level becomes almost pointless, and 

the shape factor works out to be a stagger-
ing 21.7  So, it can be seen that the hybrid 
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version makes a big difference in the transi-
tion band on the low side of the response of 
a low-order crystal ladder filter. This design 
is much cleaner than the first type of hybrid 
ladder filter and doesn t suffer from degra-
dation of the stop-band attenuation at lower 
frequencies. 

There is one very significant difference 
between both of these forms of hybrid lad-
der filter and regular ladder filters, and that 
is the requirement for mesh frequencies to be 
staggered by a certain amount on either side 
of the interface between crystals with differ-
ent effective motional parameters. In regular 
Dishal ladder filters, the crystals all have the 
same effective motional parameters and their 
meshes are tuned to the same frequency to 
produce the correct response. In hybrid lad-
der filters, the amount by which the mesh 
frequencies of individual crystals need to 
be staggered is dependent on both the band-
width and the ratio of their effective motional 
capacitances. For example, the design shown 
in Figure 1  requires the inner crystals to be 
0.08   high of the filter center frequency, 
and the end crystals to be an equal amount 
below it.

 
ariations on the  pe o  i ter

Although it can be very pleasing to design 
and use an almost symmetrical 4-pole hybrid 
crystal ladder filter with an equal-ripple 
Chebyshev response, the complications 
introduced by the mix of different motional 
parameters make this type of response 
considerably less attractive than some 
unequal-ripple types. Designing equal-ripple 
ladder filters with crystals that have different 
motional parameters becomes more difficult 
as the order increases, so there is good reason 
to consider other types of response for hybrid 
ladder filters, particularly those using more 
than four crystals. ery satisfactory pass-
band shapes can be achieved with slightly 
simpler circuitry if unequal-ripple responses 
are used. These can be much easier to design 
and implement because no series tuning 
capacitors are required and the same value 
of coupling capacitor is used throughout the 

ig re   Cir it o  po e h ri  A  r sta  a er ter o  the rst t pe sing   r sta s C  t pe

filter, whatever the order. One unequal-ripple 
response that is ideally suited to designs 
using crystals with different motional param-
eters is the QER type. There are other closely 
related responses that provide quite accept-
able passbands with motional parameter 
ratios in excess of 2.

Over the bandwidth range 0.25 to 0. 1 PZ, 
the ratio of  to  varies from about 1.8 
to 2.2 in nearly symmetrical hybrid ladder 
filters, and this is close enough to 2.0 to give 
a QER response. Above this range, the ripple 
in the middle of the response tends to be 
greater than it is towards the outer edges, but 
this still produces quite a wide, at passband 
with the number of central ripples increasing 
with the order of the filter. Compared with 
Chebyshev and utterworth designs, wider 
bandwidths can be obtained with unequal-
ripple hybrid ladder filters for the same maxi-
mum value of coupling capacitor. In addition, 
there is the added convenience of being able 
to ignore the issue of mesh frequencies and 
use the same value of capacitor for coupling 
throughout the filter for at least the first form 
of hybrid design. The second form, with half-
lattice end sections, requires  and its mir-
ror image to be reduced by 2 , so although 
the design value is the same throughout the 
filter, the actual values used are not. The lack 
of a broad LF spurious response with half-lat-
tice end sections means that this form is prob-
ably the better solution for low-order filters 
and the simplicity of the other form makes it 
more suitable for high-order designs where 
some of the extra ultimate attenuation can 
afford to be sacrificed for better symmetry.

esigning ne a ipp e ri  
a er i ters

Designs for both the first and second 
types of hybrid crystal ladder filter can 
be based on QER ladder filter designs of 
the same bandwidth. Either the “Dishal” 
program by Horst Steder, D 6E , or the  
and  values presented in the 2010 

 can be used to establish the ter-
mination resistance and coupling capacitor 
values required for the target bandwidth.2 

The value of  for the first form of hybrid 
ladder filter needs to allow for both the self-
capacitance of the coil and differences in the 
value of  when the metal case of the crystal 
is grounded. Once the value of  has been 
determined, a preferred value of miniature 
RF choke can be selected that is close to 
0.55 . Of course, toroidal inductors with a 
higher Q can be used, but tend to be bulkier 
and not so convenient.

The circuit of a 6 pole variant on the 
QER type of hybrid ladder filter is pre-
sented in Figure 14. This is based on the 
QER values predicted by Steder s “Dishal” 
program for crystals ( 1 thru 6) with  

 0.021 1 pF,   1.50  mH, and   
.8 pF. The inductance used for the parallel 

inductor was the closest preferred value to 
the one calculated using   5.6 pF (an extra 
1.8 pF was allowed for the self-capacitance 
of the miniature RF choke). The target band-
width (  d ) used in the “Dishal” program 
was chosen as 6.050 kHz to round off the 
coupling capacitor value to a convenient 
figure (25 pF). The predicted value for the 
termination resistance was 8  . Analysis 
showed that the passband response could be 
improved with T  800 . This gave a band-
width of 6.05  kHz and an insertion loss of 
0.22 d  for crystals with a Q of 200,000, as 
shown in Figure 15. It can be seen from this 
plot of the passband that there is only one 
ripple (dip) in the center, where it reaches a 
maximum of 0.6 d . This sort of response is 
fairly typical of 6-pole unequal-ripple filters 
when the ratio of    is much greater 
than 2. An 8-pole QER variant would have 
 ripples in the central region of the pass-

band. The depth of the ripple in the middle 
of the passband can be controlled to some 
extent by varying the value of the terminat-
ing resistance.

The bandwidth of this filter is equiva-
lent to 0. 5 PZ. The reduction in T is to be 
expected at this bandwidth since the effec-
tive value of motional inductance for the end 
crystals is lower than the “Dishal” program 
expects it to be for two uncompensated crys-
tals in parallel. A correction could be calcu-
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lated for T using the reciprocals of    
in Figures 8 and . It is much simpler just to 
model the filter on a computer to see what 
passband shapes can be produced by alter-
ing T. Then, the most acceptable one can be 
chosen. The close-in response of the filter, 
which covers 150 kHz around the center 
frequency, is shown in Figure 16. There are 
only two transmission zeroes on the low side 
of the response compared with four on the 
high side, so symmetry is not perfect. The 
6 60 d  shape factor is less than 2. , which 
is similar to the figure that would be achieved 
by a Dishal LS  design, but in this case the 
response is considerably more balanced.

The motional parameters used in this sim-
ulation were taken from measurements made 
on some miniature HC-18  crystals marked 
as “6.144 MHz,” which had a resonant fre-
quency of around 6.1426 MHz. A prototype 
6-pole hybrid filter made with these crystals 
produced a measured  d  bandwidth of 
approximately 5. 7 kHz. The actual coupling 
capacitors used in the prototype filter were 
22 pF plate ceramic types with an additional 
 pF being allowed for the two times  

of the grounded crystal cans on either side 
of each coupling capacitor. The measured 
passband response was extremely close to 
that shown in Figure 15 and the broad spuri-
ous response that normally occurs lower in 
frequency with this type of hybrid circuit was 
measured at 60 d  down on the filter pass-
band level. As a matter of interest, increasing 
the order of the filter to 8 would suppress this 
spurious response by a further 6 d  and 
widen the bandwidth by another 2 .

The second type of hybrid ladder filter 
requires the selection of a suitable value for 

. A standard value of fixed capacitor within 
the range 2.2 to 2.5 times  usually gives 
adequate symmetry. The value of capacitor 
used for  and its mirror image then needs 
to be determined by subtracting 2  from the 
value used for the other coupling capacitors. 
If the reduced value of  is not convenient 
the next preferred value down will usually 
suffice. For example, 8.2 pF is a convenient 
preferred value for  in a half-lattice ver-
sion of the 6.144 MHz filter circuit shown 
in Figure 14, and subtracting 16.4 pF from 
25 pF leaves 8.6 pF. The actual value of 
the capacitor used for  can be reduced to 
8.2 pF without noticeably affecting the pass-
band response. 

The termination resistance values pre-
dicted by Steder s “Dishal” program should 
be within about 25  of the value required 
for most QER variants, despite the fact that 
the effective motional inductance of the 
end crystals is lower than half that of the 
inner crystals, because higher termination 
resistance values produce better passband 
responses when the motional parameter ratio 

exceeds 2 by a reasonable margin. Hybrid 
ladder designs can also be used for band-
widths below 0.25 PZ, if better symmetry is 
required. The ratio of the motional param-
eters of the end and inner crystals is usually 
insufficient to produce a QER passband for 
narrower hybrid filters, and it s often advis-
able to use a value 20  lower in capacitance 
for  and its mirror image, compared with 
the middle coupling capacitors, to achieve a 
good passband response.

S ar  an  Con ing e ar s
Much of the simplicity of the conven-

tional Dishal LS  crystal ladder filter can 
be retained, and the asymmetry of extended 
bandwidth ladder filters much improved, if 
inductors of around 0.55  are placed across 
just the end crystals of ladder filters with 6 or 
more poles. Ideally, high Q inductors should 
be used, but these can be bulky. sually, 
miniature axial RF chokes of a suitable value 
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can be found that balance up the transition 
band reasonably well, even though they have 
quite low values of Q (around 80 to 100). 
Their self-capacitance is typically 1.5 to 
2 pF, so this needs to be added to the effec-
tive value of  (less half of  if the metal 
case is grounded) for calculating the value 
of . The actual value of parallel induc-
tance required to produce a more-or-less 
symmetrical response will usually be in the 
range 0.5 to 0.6 , and this causes the effec-
tive motional inductance of the end crystals 
to decrease with increasing bandwidth, 
and the motional capacitance to increase. 

ncompensated crystals have an effective 
motional capacitance that is decreasing with 
frequency between the series and parallel 
resonances. Therefore, in hybrid ladder fil-
ters with bandwidths from about 0.25 PZ to 
0.4 PZ the end and inner crystals can have 
ratios of effective motional capacitance any-
where between 1.8 and . Depending on the 
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exact ratio, this gives either QER or varia-
tions on the QER type of response with equal 
coupling capacitor values used throughout 
the design. The actual passband response 
varies somewhat towards the top end of this 
range, but usually the passband is reasonably 
symmetrical and the maximum ripple can be 
kept under 1 d  by the correct choice of ter-
mination resistance. Loss of ultimate attenua-
tion inevitably occurs with this arrangement, 
but the main spurious response caused by 
these parallel inductors is sufficiently well 
away from the center frequency that a cou-
ple of tuned circuits are normally all that s 
required to reduce them to an acceptable 
level. Increasing the order of the filter can 
also reduce the spurious response level and 
could reduce the LC filtering requirement 
to one tuned circuit, or possibly none if the 
order is taken high enough. 

The second type of hybrid ladder filter, 
which uses half-lattice end sections, can 
provide very acceptable performance up 
to bandwidths of 0.4 PZ, even in 4-pole 
designs. It can also be used in high-order 
filters to improve symmetry, of course, if 
the added circuitry is not considered too 
inconvenient. The 1 1 transformers used 
in this form of hybrid ladder design can be 
broadband or tuned. Tuned transformers 
have the advantage that they improve the 
ultimate attenuation, but are generally bulk-
ier than broadband ones. I have used Toko 

ALS4520A 10.7 MHz IF transformers in 
5 MHz, 6 MHz and 8 MHz hybrid ladder fil-
ters. It s quite easy to retune these transform-
ers with an external capacitor, of course, and 
they have an offset tap (8 t 7 t) which can be 
reversed, if necessary, to better position the 
low-side nulls when using preferred-value 
fixed capacitors for .

Differences between the effective motional 
parameters of the end and inner crystals pre-
clude very precise equal-ripple Chebyshev 
responses from being produced in hybrid 
ladder filters. Despite this, quite accept-
able equal-ripple passband responses can be 
achieved with simple 4-pole hybrid ladder 
filters using the standard  and  values as a 
rough guide, and then adjusting the mesh off-
set frequencies and refining the coupling and 
termination values using a computer model-
ing program. nequal-ripple designs can pro-
duce such satisfactory pass-band responses 
with so little design effort that it is hardly 
worth considering Chebyshev responses for 
hybrid crystal ladder filters of any order. 

The techniques described in this article 
should allow reasonably symmetrical crystal 
ladder filters to be produced with bandwidths 
of up to 0.4 PZ, or possibly more. The hybrid 
design with half-lattice end sections is to be 
preferred for low-order filters, whereas the 
other form with parallel inductors across the 

end crystals is much more convenient for fil-
ters of higher order since only two additional 
inductors are required. The difference in the 
effective motional parameters of inner and 
end crystals in hybrid ladder designs makes 
them ideally suited to the QER response and 
its variants. The lack of a need for series tun-
ing capacitors in the end sections and some 
of the inner meshes of high-order hybrid lad-
der filters could offset the increased number 
of components in the end sections to a large 
extent, making them quite an attractive prop-
osition compared with a standard Chebyshev 
LS  ladder design. When wider filters are 
required, hybrid crystal ladder filters with 
QER responses also have the additional 
benefit that they provide an extra 4 to 5  
of bandwidth for the same maximum value 
of coupling capacitor compared with Cohn 
or Chebyshev designs. In order to achieve 
bandwidths of up to 0.1  of the crystal 
frequency with QER hybrid ladder designs, 
however, the PZ spacing (with the effect of 

 removed) needs to be in the region of 
  400. This condition cannot be met by the 

low-profile HC-4 S or HC-4 S crystals, 
which tend to have a PZ spacing of around  
 650 at 4 MHz rising to   500 at 20 MHz. 

If 0.1  is much above 0.4 PZ, this can pro-
duce some deterioration of the passband 
shape — the central dip of a 6-pole hybrid 
filter moves higher in frequency and deepens, 
causing some asymmetry in the response and 
a narrow upper peak.

Many mass-produced crystals have rela-
tively tightly controlled frequencies, so for 
wider bandwidth filters it can be tempting 
to build them without checking the crystals 
first. uilding filters with untested crystals 
can be a risky business, however, because 
the ESR and Q values of modern miniature 
crystals vary enormously, and the poor ones 
really need to be weeded out prior to use. 
Adding an RF detector circuit to the G R 
frequency-shift oscillator described in 

 allows 
the ranking of individual crystals by the out-
put they produce.  The oscillator output level 
is inversely related to the crystal ESR value, 
which in turn is inversely related to its Q. So, 
the higher the RF output, the higher the crys-
tal Q. A suitable circuit and a crude method 
of estimating crystal ESR and Q values have 
recently been described in Q Q .4 
The oscillator output is non-linearly related 
to crystal Q, but measuring it using an RF 
detector provides a simple means of compar-
ing the activity and Q of individual crystals. 
The better crystals can then be selected for 
use in filters and the poor ones discarded, or 
used in oscillators. The very best can be used 
in CW filters. Ranking individual crystals 
by their relative oscillator output is all that s 
required to make the best possible use of the 

Quality

Transmitting

& Audio Tubes

• COMMUNICATIONS

• BROADCAST

• INDUSTRY

• AMATEUR

An Address to Remember:

www.rfparts.com

E-mail:

rfp@rfparts.com

FAX: 760-744-1943 or 888-744-1943

3CPX800A7

3CPX5000A7

3CW20000A7

3CX100A5

3CX400A7

3CX400U7

3CX800A7

3CX1200A7

3CX1200D7

3CX1200Z7

3CX1500A7

3CX2500A3

3CX2500F3

3CX3000A7

3CX6000A7

3CX10000A7

3CX15000A7

3CX20000A7

4CX250B

4CX250BC

4CX250BT

4CX250FG

4CX250R

4CX350A

4CX350F

4CX400A

4CX800A

4CX1000A

4CX1500A

4CX1500B

4CX3000A

4CX3500A

4CX5000A

4CX7500A

4CX10000A

4CX10000D

4CX15000A

4X150A

YC-130

YU-106

YU-108

YU-148

YU-157

572B

807

810

811A

812A

813

833A

833C

845

866-SS

872A-SS

5867A

5868

6146B

7092

3-500ZG

4-400A

M328 / TH328

M338 / TH338

M347 / TH347

M382

– TOO MANY TO LIST ALL –

Immediate Shipment from Stock

MILLIWATTS to KILOWATTS

From

More Watts per Dollar

s m

s m

Se Habla Español • We Export

TECH HELP / ORDER / INFO: 760-744-0700

ORDERS ONLY:

800-RF-PARTS • 800-737-2787



44   QEX – July/August 2011

crystals available, but should approximate 
ESR or Q values be required for modeling 
purposes, the method described in Q
Q  provides a quick and simple means 
of estimating either of these parameters.

The motional parameters and PZ spac-
ing of crystals can vary quite considerably 
from manufacturer to manufacturer. The 
motional capacitance of a quartz crystal 
depends on its electrode area, and even at 
the same frequency different manufacturers 
use different electrode areas for reasons of 
economy, to suppress unwanted modes or 
to optimize the trimming range. The stray 
capacitance due to the leads and mounting 
structures will be pretty much the same for 
a particular sort of holder, so the PZ spac-
ing and the maximum bandwidth attainable 
with any set of crystals will depend mainly 
on the manufacturer s choice of electrode 
area. Generally, the crystals with the largest 
values of  will produce the greatest band-
width at any given frequency. HC-18  and 
HC-4  crystals being larger than the squat 
HC-4 S or HC-4 S crystals will tend to 
have a higher value of  and a better PZ 
spacing for wide filters, particularly below 
about 8 MHz. Some manufacturers may use 
small electrodes on crystals mounted in the 
larger holders, however, so it s impossible to 
tell beforehand which crystals will produce 
the widest bandwidth without characterizing 
them. It s a wise precaution, therefore, to get 
a sample to test first before buying a larger 
quantity of crystals. It would also be useful 
if constructors could post the details of any 
crystals they characterize on the Internet 

somewhere, to establish a database of infor-
mation on crystals from different sources. 
This would help others avoid the less suit-
able crystals for particularly exacting appli-
cations, such as wide bandwidth filters or 

Os. Anyone donating some space on their 
website for such a database would be provid-
ing a valuable service to all homebrewers 
around the world.

otes
1H. Ward Silver, NØAX, Ed., The ARRL 

Handbook, 2011 Edition, ARRL, 2010, 
“Crystal Filter Design,” Chapter 11, Section 
11.6.2. ARRL Publication Order No. 0953, 
$49.95. ARRL publications are available 
from your local ARRL dealer or from the 
ARRL Bookstore. Telephone toll free in the 
US: 888-277-5289, or call 860-594-0355, 
fax 860-594-0303; arr org shop; 
p sa es arr org.

2The “Dishal” ladder filter design program by 
Horst Steder, DJ6EV, and Jack Hardcastle, 
G3JIR, is available as a free download from 

arr org e es. Look for the file 
0 Ste er ar ast e ip. This pro-

gram is described in “Crystal Ladder Filters 
for All,” Nov/Dec 2009 QEX, pp 14-18. 

3Wes Hayward, W7ZOI, Rick Campbell, 
KK7B, and Bob Larkin, W7PUA, 
Experimental Methods in RF Design, 
ARRL, 2003-2009. ARRL Order no. 9239, 
$49.95. ARRL publications are available 
from your local ARRL dealer or from the 
ARRL Bookstore. Telephone toll free in the 
US: 888-277-5289, or call 860-594-0355, 
fax 860-594-0303; arr org shop  
p sa es arr org.

4David Gordon-Smith, G3UUR, “Notes on the 
Measurement of Quartz Crystal Motional 
Parameters,” QRP Quarterly, Fall 2010, 
Volume 51, Number 4, pp 30 - 33.
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pcoming Conferences
5th Ann a  Centra  States  

So iet  Con eren e 

July 29-30, 2011 
The Westin, Dallas-Fort Worth Airport
4545 W John Carpenter Freeway 

Irving, TX 75063
The Central States VHF Society, Inc is 

soliciting papers, presentations and poster 
displays for the 45th Annual CSVHFS 
Conference on 29-30 July, 2011. Papers, 
presentations, and posters on all aspects 
of weak-signal VHF and above Amateur 
Radio are requested. You do not need to 
attend the conference, nor present your 
paper, to have it published in the Proceed-
ings. Posters will be displayed during the 
two days of the Conference.

Presentations at Central States aren’t 
necessarily technical — they cover the 
breadth of the VHF/UHF ham radio hobby. 
Highlights in past years have been demon-
strations of Software Defined Radio and LA-
SER Communication beyond line-of-sight. 
Presentations generally vary from 15 to 45 
minutes and step you through the highlights 
of the topic at hand, with complete texts 
published as articles in the Proceedings. 

opi s o  interest in e  
 Antennas including Modeling/Design, 

Arrays, and Control 
 Test Equipment including Homebrew, 

Using, and making measurements 
 Construction of equipment, such as 

Transmitters, Receivers, and Transverters  
 Operating including Contesting, Roving, 

and DXpeditions 
 RF power amps including Single and 

Multi-band Vacuum Tube and solid-state 
 Propagation including Ducting, Sporadic E, 

Tropospheric and Meteor Scatter, and so on 
 Pre-amplifiers (low noise)
 Digital Modes, such as WSJT, JT65, and 

others 
 Regulatory topics
 EME
 Software-defined Radio (SDR)
 Digital Signal Processing (DSP)

Non-weak signal topics, such as FM, 
Repeaters, packet radio, and similar topics 
are generally not considered acceptable. 
There are always exceptions, however. 
Please contact the folks below if you have 
any questions about the suitability of a topic. 

Strong editorial preference will be given 
to those papers that are written and format-
ted specifically for publication, rather than 
as visual presentation aids. 

ea ine or s issions  
 For the Proceedings: Monday, May 1, 2011

 For Presentations delivered at the 
conference: Monday, 28 June 2011 
 For notifying the Conference organizers 

that you will have a Poster to be displayed 
at the conference: Monday, 27 June 2011. 
Bring your poster with you on July 29. 
Electronic formats (preferred) 
Via e-mail
Upload to a web site for subsequent down-
loading
On media (CD/DVD, USB stick/thumb drive)
Contact: Kent Britain, WA5VJB; a5

ash net, 1626 Vineyard, Grand Prairie, TX  
75052.
There is more information about this year’s 
conference available on the Central States 
VHF Society website at s h s
org 0 on eren e in e ht .

i ro a e p ate 0  an  7th 
astern  Con eren e

Joint Conference Announcement
Microwave Update 2011  and the 

37th Eastern VHF/UHF 
Conference, both Sponsored  by 

the North East Weak Signal Group.
October 13-15, 2011

Holiday Inn, Enfield, CT, USA

This year the premier microwave Ama-
teur Radio conference and the Eastern 
VHF/UHF conference will include tours, 
hospitality, swap session, equipment for 
measuring and tweaking, banquet and of 
course technical presentations.

Please visit i ro a e p ate
org  for the latest updates and registration. 
Contact Paul Wade W1GHZ, gh arr
org by July 15, 2011 for paper and talk 
arrangements. Papers must be submitted 
by August 30, 2011.

he 0th Ann a  A  an  A  
igita  Co ni ations 

Con eren e

September 16-18, 2011 
Four Points by Sheraton BWI 

Airport
7032 Elm Road

Baltimore, Maryland 21240

Mark your calendar now and start making 
plans to attend the premier technical confer-
ence of the year, the 30th Annual ARRL and 
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rfp@rfparts.com
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TAPR Digital Communications Conference 
to be held September 16-18, 2011, in 
Baltimore, MD. The conference location is 
the Four Points by Sheraton BWI Airport, 
Baltimore, MD.
We recommended that you book your room 
prior to arriving. TAPR has reserved a block 
of rooms at the special DCC room rate of 
$90.00 single/double. This special rate is 
good until August 15, 2011. After that you will 
pay the regular room rate. To book your room, 
use the link on the TAPR website under 
Conferences (tapr org ht ) or call the 
hotel directly (Reservations: 1-800-368-7764 
Phone: 410-859-3300) and mention the 
group code CC (Digital Communications 
Conference) when making reservations. Be 
sure to book your rooms early! 
T h e  A R R L  a n d  TA P R  D i g i t a l 
Communications Conference is an interna-
tional forum for radio amateurs to meet, 
publish their work, and present new ideas 
and techniques. Presenters and attendees 
will have the opportunity to exchange ideas 
and learn about recent hardware and soft-
ware advances, theories, experimental 
results, and practical applications.
opi s in e, t are not i ite  to  

Software defined radio (SDR), digital voice 
(D-Star, P25, WinDRM, FDMDV, G4GUO), 
digital satellite communications, Global 
Position System (GPS), precision timing, 
Automatic Packet Reporting System® 

A SA  0  Spa e S posi  
an  Ann a  eeting 

November 4-6, 2011 
Wyndham Hotel
San Jose, CA

There are no details available yet, but 
mark your calendars now to attend this 
year’s AMSAT Space Symposium. Check 
the AMSAT websit for the latest informa-
tion: a sat org.

(APRS), short messaging (a mode of 
APRS), Digital Signal Processing (DSP), 
HF digital modes, Internet interoperability 
with Amateur Radio networks, spread spec-
trum, IEEE 802.11 and other Part 15 
license-exempt systems adaptable for 
Amateur Radio, using TCP/IP networking 
over Amateur Radio, mesh and peer to peer 
wireless networking, emergency and 
Homeland Defense backup digital commu-
nications, using Linux in Amateur Radio, 
updates on AX.25 and other wireless net-
working protocols and any topics that 
advance the Amateur Radio art. 
This is a three-Day Conference (Friday, 
Saturday, Sunday). Technical and introduc-
tory sessions will be presented all day 
Friday and Saturday. 
Join others at the conference for a Friday 
evening social get together. A Saturday eve-
ning banquet features an invited speaker 
and concludes with award presentations 
and prize drawings. 
The ever-popular Sunday Seminar focuses 
on a topic and provides an in-depth four-
hour presentation by an expert in the field. 
Check the TAPR website for more informa-
tion: tapr.org.
Ca  or apers
Technical papers are solicited for presenta-
tion and publication in the Digital 
Communications Conference Proceedings. 
Annual conference proceedings are pub-
lished by the ARRL. Presentation at the 
conference is not required for publication. 
Submission of papers are due by 31 July 
2011 and should be submitted to: Maty 
Weinberg, ARRL, 225 Main Street, 
Newington, CT 06111, or via the Internet to 

at arr org.

Make your reservations now for three days 
of learning and enjoyment at the Four 
Points Sheraton Hotel at BWI airport. 
The Digital Communication Conference 
schedule includes forums, demonstrations, 
a Saturday evening banquet and an in-
depth Sunday seminar. This conference 
is for everyone with an interest in digital 
communications—beginner to expert. 

Call Tucson Amateur 
Packet Radio at: 
972 671 8277, 
or go online to: 
www.tapr.org dcc

We are your #1 source for 50MHz
to 10GHz components, kits and
assemblies for all your amateur

radio and Satellite projects.

Transverters & Down Converters,
Linear power amplifiers, Low Noise

preamps, coaxial components,
hybrid power modules, relays,

GaAsFET, PHEMT's, & FET's, MMIC's,
mixers, chip components,

and other hard to find items
for small signal and low noise

applications.

We can interface our transverters
with most radios.

Please call, write or
see our web site

for our Catalog, detailed Product
descriptions and

interfacing details.

Down East Microwave Inc.
19519 78th Terrace

Live Oak, FL 32060 USA
Tel. (386) 364-5529

o neast i ro a e o
Next Issue in QEX

Arch Doty, W7ACD, follows up on his March/
April 2011 QEX article about “The Effects of 
Ground Conductivity on Antenna Radials” 
with an expanded study. Soil composition, 
moisture content and temperature all affect 
soil resistivity (and ground conductivity). In 
this portion of the study, W7ACD investi-
gates the extent of changes resulting from 
variations in moisture content of the soil. 
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CD-ROM Collections

he A  Operating an a th ition
The MOST COMPLETE book about Amateur Radio 
Operating. It contains everything you need to explore new 
activities, lean new skills, fi nd new references, and more. 
Order No. 1093 ............................................................. 5

A  epeater ire tor — 0 0  ition.
o et si e  (3.75” x 5.25”), Order No. 1769 .......... 0 5
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ra e s or epeaters — 0 0  ition.
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Operating and Reference

 General Class pgra e ro  e hni ian

a  50-question Extra test (Element 4) 
he A  tra C ass i ense an a —
e ise th ition  Achieve the highest level of Amateur 

Radio licensing! o  in ing pra ti e e a  so t are.
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he A  a  a io i ense an a — e ise
n  ition  Ham radio’s most popular license manual! 

Organized in easy-to-understand “bite-sized” sections, this 
is all you need to become an Amateur Radio operator. 

o  in ing pra ti e e a  so t are on C O .
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he A  Antenna oo st ition
The ultimate reference for Amateur Radio antennas, 
transmission lines and propagation. C O  in e
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asi  Antennas  Order No. 9994 ..................................... 5 
nternationa  Antenna Co e tion.
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Practical Circuits and Design

Space and VHF/UHF/Microwave 
Communications
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expanded content. 

 sear ha e C O  n e  (version 15.0) 
So t o er. Book and CD-ROM. 
Order No. 0953 ................................................ $49.95

n erstan ing asi  e troni s. 2nd Edition. 
Order No. 0823 ..................................A  e er ri e 5 .......... 5

asi  a io— n erstan ing the e  i ing o s  
Order No. 9558 ............................................................................................ 5

igita  Signa  ro essing e hno og .
Order No. 8195 ...................................................................... 5 .......... 5
A s an s On a io peri ents. Order No. 1255 ......................... 5

an s On a io arts it. Order No. 1255K ............................................ 7 5
he A   oo . 3rd Edition. Order No. 0915 ..................................... 5

peri enta  etho s in  esign. Revised 1st Edition.
Order No. 9239 ............................................................................................. 5
A s i  rogra ing or eginners. Revised 1st Edition.
Order No. 0892 ..................................A  e er ri e 5 .......... 5
A  C rogra ing it  Order No. 0030 ......................................... 5
A  orse Co e Os i ator it  Order No. 0022 .................................... 5

orse Co e e  Order No. 0242 ............................................................... 5 5
e er o h a e it  Order No. 0670 .................................................... 5

J 0 eter C  C  rans ei er it  Order No. 0018 ....................... .. 5
C  an  Sing e a er Coi  in ing Ca ator. Order No. 9123.......... 5

ntro tion to a io re en  esign. Order No. 4920 ...................... 5
A s  A p i  er C assi s. Order No. 9310 ....................................... 5

ore  o er  Order No. 9655 .............................................................. 5
 o ps  Order No. 0160 ......................................................................... ..

A s o  o er Co ni ation. 3rd Edition. Order No.1042 ........... 5
A s o  o er Co ni ation ith C  C  rans ei er it.
Order No.1042K ............................................................................................ 5

o t o rse  Cir it i ing or ies  Order No. 0015 ..................
e troni s or ies  2nd Edition. Order No. 0196 .............................
e troni s ro e ts or ies  Order No. 9944 .................................
ra ti a  igita  Signa  ro essing  Order No. 9331 ................................ 5
o er S pp  an oo  Order No. 9977 ................................................. 5
e tro agneti  Co pati i it  ngineering  Order No. 0192 .................... 0
is rete Signa  Ana sis an  esign  Order No. 0140 ............................... 5

 Co ponents an  Cir its  Order No. 8759 ......................................... 50 5
ra ti a  a io re en  est  eas re ent  Order No. 7954 .......... 5

Co ni ations e ei ers  Order No. CR3E .......................................... 5
a io e ei er esign  Order No. RRCD ....................................................... 5

 a io S ste s  Cir its  Order No. 7253 ..............................................
i  o r O n o o er rans itters  Order No. 9458....................... 5 5

AC o er nter eren e an oo  Order No. 1103 .................................. 5
o er S pp  Coo oo  Order No. 8599 ................................................. 5 5

nstr ents o  A p i  ation  Order No. 9163 .......................................... 5
S  o e re  Coo oo  Order No. 0232 .......................................... 5

 S  i ination o  e tri a  oise  Order No. 1082 ................. 5
S  nternationa   Co e tion  Order No. 0020 ............................... 5
S  ee en  ro e ts or the a io A ate r. Order No. 0123 .......... 5

Digital and Image Communications

Public Service and Emergency 
Communications

he A  igita  e hno og  or ergen  Co ni ations Co rse
CD-ROM, version 1.0 Order No. 1247 .......................................................... 5

he A  ergen  Co ni ations an oo  Order No. 9388 .... 5
he A  ergen  Co ni ation i rar  CD-ROM, version 1.0 

Order No. 9868 .............................................................................................. 5
A S ie  eso r e an a  Order No. 5439 ......................................... 5

ergen  o er or a io Co ni ations  Order No. 9531 ............. 5
0  Co rse on C O  Order No. 0133 ............................................ 5 

A S at  Order No. 0099 ........................................................................... 5
A S esh est   Order No. 0128 ................................................. 5 5
A S So i  est ith o ets   Order No. 0136 .......................... 5

History and Adventure

or a o p ete p i ations isting or to p a e an or er, p ease onta t s
1. To order or obtain the address of an ARRL Dealer near you, call toll-free (US): 

77 5  (non-US call 0 5 0 55) 8 AM-5 PM Eastern time, 
Monday-Friday. 

2. Fax 0 5 0 0  24 hours a day, 7 days a week. 
3. By mail to: ARRL, 225 Main St, Newington CT 06111-1494
4. Visit our World Wide Web site: http arr org shop

Ordering Information

he Se ret ire ess ar— So t o er ition
The Story of MI6 Communications—1939-1945 (World War II). This is an 
extraordinary story that includes hams among those patriots that undoubtedly 
helped the allied war effort. 
Order No. 0262 .............................................................................................. 5

gar arrison  Order No. 0270 ................................................................. 5 
AS he ann  ei  an  Co in a io pe itions  

Order No. 8934 .............................................................................................. 5
ira  er  a i  Order No. 7016 .......................................................... 5
00 eters an  o n  Order No. 0011 ...........................................................
he i  Cartoon oo  Order No. 0364 ...................................................... 5 5
he Stor  o  O an  the een ar  DVD Order No. 1344 .............. 5 5

Cr sta  C ear  Order No. 0353 ..................................................................... 5 50
on C  a a e  A , A ate r a io s ioneer  Order No. 0016 ........ 5
or  ar  a io eroes  etters o  Co passion  

Order No. 1268 .............................................................................................. 5 5
erera s e egraph Co e tor s i e  Order No. 1277 ............................. 5
erera s e egraph Co e tors e eren e C O  Order No. 1282 ........... 5
he Stor  o  the nig a C O  Order No. 1296 ....................................... 5

 nsi e nig a  Order No. 0611 ........................................................ 5
e s  he pori  Order No. 1372 ..........................................................
e s  he or  o  e s  Order No. 1381 ...................................................

Os ar s A ate r a io A ent re  Order No. 0341 ................................ 5
 Cir e  A rea  enie , A ision  e  Order No. 0152 ............. 5

ro en in i e  Order No. 0098 .................................................................. 5

Sa es a
CT add 6% state 
sales tax (including 
S/H). VA add 5% 
sales tax (excluding 
S/H). Canadian 
Provinces NS, NB 
and NL add 13% 
HST (excluding 
S/H), all other 
Provinces add 
5% GST (excluding 
S/H).

Shipping an  an ing ates
Add the following amounts to your order to cover shipping and handling (S/H). US orders 
will be shipped via a ground delivery method. Orders outside of the US will be shipped via 
an international delivery service. Express delivery options and other specialty forwarding 
services are available. Please call, write or email for more information.

Or er 
a e S nternationa  ono

2-4 weeks delivery

Up to $20.00 $7.50 $15.00

$20.01 to $50.00 $10.50 $25.00

$50.01 to $250.00 $12.50 $35.00

Single CD-ROM First Class Mail
$2.75

n/a

Over $250 Contact ARRL for shipping 
options and rates: or ers arr org

We accept the following major credit cards: American Express, MasterCard, Visa and 
Discover. Prices and product availability are subject to change without notice.ARRL

SHOP DIRECT or call for a dealer near you.
ONLINE WWW.ARRL.ORG/SHOP
ORDER TOLL-FREE 888/277-5289 (US)
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SHOP DIRECT or call for a dealer near you.
ONLINE WWW.ARRL.ORG/SHOP    
ORDER TOLL-FREE 888/277-5289 (US)

ARRL e na iona  a o ia ion o

 ®

225 Main Street, Newington, CT 06111-1494  USA

Shipping and Handling charges apply. Sales Tax is required 
for orders shipped to CT, VA, and Canada. Prices and product 
availability are subject to change without notice.

Q / 2011

ARRL’s popular license manuals just got even better! 
Each book now includes the ARRL Exam Review CD-ROM. Use the software 
with your book to review the study material. Take randomly-generated practice 
exams using questions from the actual examination question pool. Additional 
features allow you to print sample exams…as many as you like. ARRL Exam 
Review tracks your progress, giving you the feedback you need to fi ne-tune 
your studies. You won’t have any surprises on exam day! 

  Get your FIRST ham radio license!

The ARRL Ham Radio License Manual—Second Edition
Let ARRL guide you as you get started in Amateur Radio—as you select 
your equipment, set-up your fi rst station and make your first radio contact.
• Easy-to-understand “bite-sized” sections. Pass the 35-question 

Technician Class exam.
• Includes the latest question pool with answer key,

for use through June 30, 2014. 
• Software included featuring the ARRL Exam Review

CD-ROM.
• Designed for self-study and classroom use. Intended 

for all newcomers, instructors and schoolteachers.
ARRL Order No. 0977

  Upgrade and enjoy more frequency privileges!

The ARRL General Class License Manual—Seventh Edition
Upgrade to General and experience the thrill of worldwide communications!
•  Pass the 35-question General Class exam.
• All the Exam Questions with Answer Key, for use July 1, 2011
   to June 30, 2015.
• Software included featuring the ARRL Exam Review CD-ROM.
•  Detailed explanations for all questions, including FCC rules.
ARRL Order No. 8119

The ARRL Extra Class License Manual—Ninth Edition
Complete the journey to the top and enjoy all the operating privileges that 
come with earning your Amateur Extra Class license.
•  Pass the 50-question Extra Class exam.
• All the Exam Questions with Answer Key, for use through June 30, 2012.
• Software included featuring the ARRL Exam Review CD-ROM.
•  Detailed explanations for all questions, including FCC rules.
ARRL Order No. 8874

Achieve the highest level of Amateur Radio licensing!

Only $29.95*/ea.
Order Today!

Book and CD-ROM

Study

Anywhere!

Also 
Available—

The ARRL 
Instructor’s Manual

ARRL Order No. 8737
$19.95*
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Mark Spencer, WA8SME

*Plus shipping and handling. Book and Kit sold separately.

ARRL’s PIC Programming for Beginners
is an introductory guide to understanding PIC®

design and development. Written in a building 
block approach, this book provides readers 
with a strong foundation on the subject. 
As you explore the potential of these powerful 
devices, you’ll fi nd that working with PICs 
is easy, educational and most importantly fun.
CD-ROM included with programming resources,
supplementary reading, short video clips 
and other helpful data.

Contents:
• Inside the PIC16F676
• Software and Hardware Setup
• Program Architecture
• Program Development
• Working With Registers

—The Most Important Chapter
• Instruction Set Overview
• Device Setup
• Delay Subroutines
• Basic Input/Output
• Analog to Digital Converters
• Comparators
• Interrupts
• Timer 0 and 

Timer 1 Resources
• Asynchronous Serial

Communications
• Serial Peripheral Interface

Communications
• Working With Data
• Putting It All Together
…and more!

SHOP DIRECT or call for a dealer near you.
ONLINE WWW.ARRL.ORG/SHOP    
ORDER TOLL-FREE 888/277-5289 (US)

ARRL The national association for
AMATEUR RADIO®

225 Main Street, Newington, CT 06111-1494  USA

Q /2011

ARRL Order No. 0892
Special ARRL Member Price!
Only $39.95* (regular $44.95)

ARRL’s PIC Programming Book ARRL’s PIC Programming Kit

ARRL Order No. 0030
Build the Kit Yourself!
Only $149.95*












